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ABSTRACT 
 
This dissertation presents novel biodegradable and photo-crosslinkable building blocks 
to achieve polymer networks with controlled surface chemistry, stiffness, and 
topographical features for investigating cell-material interactions and targeting hard and 
soft tissue engineering applications. Chapter I reviews the recent progress in polymeric 
gel systems and how their physical properties can be tailored to regulate cell functions 
and satisfy the clinical needs. Chapter II presents a facile method to synthesize photo-
crosslinkable poly(epsilon-caprolactone) acrylates (PCLAs) and reveal tunable cell 
responses to photo-crosslinked PCLAs. Chapter III investigates the mechanism of 
colorization in preparing crosslinkable polymers by reacting hydroxyl-containing 
polymers with unsaturated anhydrides or acyl chlorides in the presence of triethylamine. 
Chapter IV describes a systematic investigation on regulating materials properties and 
cell behavior using hybrid networks composed of amorphous poly(propylene fumarate) 
(PPF) and three PCLAs with variance in crystallinity and melting temperature. Schwann 
cell precursor line (SpL201) and pre-osteoblastic MC3T3-E1 responses to these polymer 
networks such as cell adhesion, spreading, and proliferation demonstrated non-monotonic 
dependence on the network composition. Chapter V synthesizes a series of novel 
injectable and photo-crosslinkable PPF-co-polyhedral oligomeric silsesquioxane (POSS) 
copolymers via two-step polycondensation to improve both stiffness and toughness and 
promote biological performance of bone tissue engineering scaffolds. Chapter VI photo-
crosslinks PPF with methoxy poly(ethylene glycol) monoacrylate (mPEGA) to improve 
the hydrophilicity and wettability of PPF and MC3T3-E1 cell functions. Chapter VII 
investigates the role of exposed hydroxyapatite (HA) nanoparticles in influencing surface 
characteristics and MC3T3-E1 cell behavior on crosslinked PCLA/HA nanocomposites. 
Chapter VIII presents a method of tuning surface chemistry and nerve cell behavior by 
photo-crosslinking mPEGA with a hydrophobic, semicrystalline PCLA at various 
compositions. This approach lays the foundation for fabricating heterogeneous nerve 
conduits with a compositional gradient along the wall thickness. Chapter IX demonstrates 
the role of mechanical properties and surface features on nerve cell behavior using two 
  vi 
photo-crosslinked poly(epsilon-caprolactone) triacrylates with distinct mechanical 
properties and parallel microgrooves with different dimensions. Chapter X and XII 
develop a novel photopolymerizable poly(L-lysine) and uses it to modify polyethylene 
glycol diacrylate hydrogels for creating a better, permissive nerve cell carrier that 
promoted cell functions for treatment of nerve injuries. 
  vii 
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        As the medical background of this chapter, peripheral nerve and spinal cord injuries 
(SCI) that occur with accidental trauma or during the course of surgery and chronic 
neurodegenerative diseases (e.g. Parkinson’s disease and Alzheimer’s desease) have been 
a challenging clinical problem for surgeons [1-25]. For example, each year in the U.S., 
several million people suffer from serious traumatic, iatrogenic or non-traumatic 
peripheral nerve injuries [1-25]. Failure to restore these damaged nerves can lead to the 
loss of muscle function, impaired sensation, and painful neuropathies [1-25]. The gold 
standard in surgery, autologous nerve graft, has disadvantages such as limited source, 
additional surgery, and mismatch between injured nerve and donor nerve [1-25]. 
Therefore, synthetic nerve conduits have been fabricated to bridge the long gap between 
injured peripheral nerve stumps. Suitable nerve conduit materials should satisfy 
requirements including capability of resisting tear, suturability, and easiness of being 
incorporated with support cells and nerve growth factor (NGF) [1-25]. Although 
numerous polymeric biomaterials have been applied to fabricate nerve conduits [1-25], 
there only exist limited number of crosslinkable and biodegradable polymeric systems for 
this purpose. Considering the wide range of applicable fabrication methods using 
injectable polymers such as stereolithography, I focus on the recent progress in polymer 
gels for tissue engineering applications in this chapter. 
        Polymeric gelation systems are promising in nerve regeneration and brain repair 
applications because of their unique properties of injectability, biocompatibility, and 
controllable mechanical properties and degradability [21-23]. Site-specific delivery can 
be easily achieved by direct injection [21-23]. Great efforts have been made on material 
design strategies to meet different requirements for treatment of damaged peripheral 
nerve, spinal cord, and brain tissue [1-25]. Hydrogels are polymer networks that are able 
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to retain aqueous solutions encapsulated with drugs, growth factors and cells for desired 
functioning in vivo. Hydrophobic gels generally have more stable networks in aqueous 
condition and better mechanical properties. Besides serving as nerve scaffold materials 
and filler materials, polymer gels can also deliver extracellular cell-matrix (ECM) 
proteins, neurotrophic factors and stem cells enhance their biological performance in 
functional recovery [1-25]. 
        Because of the significance of nerve-related issues, there exist numerous review 
articles on the scaffold and filler materials and strategies for nerve repair and 
regeneration [1-25]; however, there are only a few specific reviews focused on polymer 
gel systems for this purpose and they are about hydrogels and luminal fillers [21-23]. 
Neurotrophic factors play a key role in inducing nerve regeneration and there are 
approaches to use polymeric biomaterials as drug delivery carriers for these neutrophic 
factors [24, 25]. In this chapter, I focus on the recent progress in using polymer gels for 
fabricating nerve scaffolds, investigating the interactions between nerve cells and 
polymer substrates, and building controlled release systems for nerve repair. 
 
1.2 Polymeric Gel Systems 
    
        Polymeric network systems can be majorly classified into two categories according 
to the mechanisms of gelation. Polymer networks crosslinked by covalent bonds are 
chemical gels, including both hydrogels and hydrophobic gels (or organogels), while the 
formation of a physical gel occurs via physical association such as hydrogen bonding, 
electrostatic interaction, difference in hydrophobicity, and crystallization [26-30]. From 
their sources, polymeric biomaterials can be also categorized into natural and synthetic 
polymers. Most natural polymers used in biomedical applications are hydrophilic and 
many of them have been modified into chemically crosslinkable systems for preparing 
hydrogels [21]. Natural polymers that are constituents in body tissues can also form 
physical gels by varying their concentration in aqueous solutions, temperature, pH value, 
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or charge characteristics and density [29-34]. In this section, I focus on the preparation of 
these polymer gel systems and will discuss their applications in Sections 1.3 and 1.4. 
1.2.1 Chemically Crosslinkable Systems 
        Many polymer species can form covalently crosslinked gel systems via free radical 
polymerization initiated either by heat or light, but not all of them have been explored for 
applications in nerve regeneration because of inappropriate mechanical properties and 
biocompatibility concerns. For preparation of chemically crosslinked hydrogels, four 
primary methods are used i.e. (1) photo-crosslinking of unsaturated carbon-carbon double 
bonds such as acrylates, fumarates, and methacrylates; (2) Michael addition reaction; (3) 
click chemistry, and (4) enzyme-catalyzed reaction [28]. 
       Majority of currently investigated gelation systems are based on numerous natural 
polymers and a few synthetic polymers. Examples of synthetic polymers include 
polyethylene glycol (PEG), poly(2-hydroxyethyl methacrylate) (pHEMA), 
polyacrylamide (PAM), polydimethylsiloxane (PDMS), and polycaprolactone (PCL) 
because of their ease of processing and biocompatibility. These polymers are injectable 
and can be photo-crosslinked to achieve good networks. In addition, they can be further 
modified by copolymerization with polylactic acid (PLA) or polyglycolic acid (PGA) 
groups to facilitate biodegradation. 
        Non-degradable polymers were initially applied in fabricating nerve conduits, for 
example, polyethylene (PE), expanded polytetrafluoroethyelene (ePTFE or Gore-Tex), 
polyvinyl chloride (PVC), and PDMS [1, 2, 7]. The first biomaterial used in clinical trials 
was silicone tube because of its availability with mature fabrication methods, excellent 
biocompatibility, and favorable elastomeric properties for implantation [1-14]. It is still 
the most frequently used material for fabricating artificial nerve grafts [1-14]. As a 
widely used material for micro-fabrication techniques, PDMS can be easily fabricated 
into various patterns to control cell migration and proliferation. However, PDMS is not 
degradable and consequently they remain in situ as a foreign body and cause a chronic 
foreign body reaction with excessive scar tissue formation that ultimately limits recovery 
of nerve function [10]. These non-degradable polymeric systems are not the focus of this 
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chapter. PDMS substrates with modulated stiffness were used to investigate the role of 
surface stiffness in modulating neuronal cell behavior, which will be discussed in Section 
1.3. 
        Hydrogels based on natural polymers such as agarose, alginate, chitin/chitosan, 
collagen, gelatin, and hyaluronan/hyaluronic acid have been prepared for nerve repair. An 
agarose hydrogel modified with a cysteine compound containing a sulfhydryl protecting 
group provides a photolabile substrate that can be patterned with biochemical cues by 
immobilizing the adhesive fibronectin peptide fragment, glycine-arginine-glycine aspartic 
acid–serine (GRGDS) for 3D cell migration and neurite outgrowth [35]. Agarose 
hydrogels can also be used for fabricating anisotropic scaffolds for peripheral nerve 
regeneration [36]. Alginate gel crosslinked with ethylenediamine and water-soluble 
carbodiimide has been used to overcome high cytotoxicity and large foreign-body 
reaction from calcium ions used excessively to form physical gels with negatively-
charged alginate [37, 38]. Sodium alginate can also be oxidized into alginate dialdehyde 
(ADA) with different degree of oxidation and consequently ADA can react with gelatin 
to form hydrogels [39]. 
        Chitin hydrogel tubes with suitable tube permeability and mechanical properties can 
be prepared in a cylindrical mold containing a cylindrical core after N-acetylation of 
chitosan using a two-fold excess of acetic anhydride [40]. Photo-polymerizable 
methacrylamide chitosan (MAC) can be crosslinked in the presence of photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMP) dissolved in 1-vinyl-2-pyrrolidone (NVP) [41]. 
Native collagen solution can be neutralized with NaOH and then mixed with microbial 
transglutaminase (mTGase) to form crosslinked collagen scaffold with a laminin peptide 
gradient [42]. Collagen hydrogel can be also formed by mixing neutralized collagen 
solution with N-1[3-(trimethoxysilyl)propyl] diethylenetriamine (DETA) coated glass 
cover-slips [43]. Brownish nerve conduits can be also made from a 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) cross-linked 
gelatin [44]. Multiply styrenated gelatin dissolved in PBS can be photo-polymerized into 
fibers, rods, and nerve conduits [45]. 
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        Hyaluronan (hyaluronic acid or HA, hyalunronate) is a high-molecular-weight 
negatively-charged glycosaminoglycan found in the ECM of humans [21]. 
Photocrosslinable cinnamoyl hyaluronan derivative has been synthesized by conjugating 
cinnamic acid in to the carboxyl of hyaluronan using aminopropanol as a spacer [46, 47]. 
Nerve conduits can be fabricated using this photocrosslinkable HA in a PDMS mold and 
filled with collagen gel and Schwann cells and neurosphere [46, 47]. Methacrylated-HA 
(MeHA) has been prepared by adding methacrylic anhydride to HA or sodium 
hyaluronate and photo-crosslinked in the presence of Irgacure 2959 from Ciba Specialty 
Chemicals [48-50]. HA/polylysine hydrogel with a weight ratio of 5:1 (HA:polylysine) 
has been prepared using EDC as the crosslinking agent and the hydrogel coated with 
polylysine can be used as a transfer system for transplantation of neural stem cells [51]. 
Three-dimensional gelatin/hyaluronan hydrogel structures used for traumatic brain injury 
can be prepared by mixing sodium hyaluronate solution in phosphate buffered saline 
(PBS) with gelatin solution and crosslinked with glutaraldehyde [52]. HA-collagen (type 
I or II) sponge with an open porous structure and mechanical properties similar to brain 
tissue can be developed by a freeze-drying technique and crosslinked with water-soluble 
carbodiimide [53]. 
        Synthetic hydrogels are mostly based on PEG and poly(2-hydroxylethyl 
methacrylate) (pHEMA) [21]. Hydrogels based on PEG diacrylate that is photo-
crosslinked with peptides conjugated to monoacrylated PEG has been found to support 
neurite extension of pheochromocytoma (PC12) cells [54]. Hydrogels based on 
oligomeric PEG fumarate (oPF) or PEG fumarate (PEGF) can be synthesized by 
incorporating fumarate groups into PEG chain. They have been further photo-crosslinked 
with a positively charged monomer, [2-(methacryloyloxy) ethyl]-trimethylamoonium 
chloride, to supply better support on cell attachment and neurite extension of dorsal root 
ganglion (DRG) neurons [55]. In one approach, neural cells can be photo-encapsulated 
into the PEG methacrylate hydrogels with grafted PLA and PGA to build their own 
micro-environment to survive, proliferate, and differentiate into neurons and glia tuned 
by controlled degradation rate of the polymer network within 1-3 weeks [56]. By end-
capping triblock copolymer PLA-PEG-PLA with methacrylate or acrylate functionalities, 
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PLA-PEG-PLA-dimethacrylate (PLA-PEG-PLA-DMA) and PLA-PEG-PLA-diacrylate 
(PLA-PEG-PLA-DA) have been synthesized [57-59]. An injectable liquid polymer 
solution of acrylated PLA-PEG-PLA macromer has been photo-crosslinked into 
biodegradable hydrogel with neurotrophin-3 (NT-3) embedded [57]. NT-3 is released 
sustainably from the hydrogel for over two weeks and the treated animals show greater 
axon growth and rewiring that demonstrated the improved functional outcome to promote 
regeneration after spinal cord injury [57]. 
        Hydrogels based on three synthetic methacrylate polymers are used for nerve repair: 
pHEMA [60], pHEMA-MMA [61-63], and poly(hydroxypropyl methacrylate) (pHPMA) 
[64]. Nerve conduits fabricated using pHEMA and pHEMA-MMA suffer from partial 
collapse after implantation [21]. In order to overcome this shortcoming, Katayama et al. 
has invented a nerve guidance hydrogel tube using PCL coil-reinforced pHEMA-MMA 
through injection molding [63]. It demonstrates equivalence to autografts after both 8 and 
16 weeks of implantation in terms of nerve and muscle action potential velocity and axon 
density [63]. pHPMA hydrogels can be prepared by polymerizing hydroxypropyl 
methacrylate (HPMA) in the presence of a crosslinker, methylene bisacrylamide, and an 
initiator, azobisisobutironitrile (AIBN) and the hydrogels can be incorporated with RGD 
peptides to support better axonal ingrowth in nerve repair [64]. 
        PCL fumarates (PCLFs) have been developed in Yaszemski’s laboratory by 
incorporating unsaturated fumarate segments into PCL blocks to make it crosslinkable 
[65]. A novel proton scavenger, potassium carbonate (K2CO3) has been employed in the 
esterification of PCL diol or PEG precursors with hydroxyl end groups instead of 
traditionally-used triethylamine (TEA) to avoid coloration and potential toxic byproducts 
resulting from complexation between TEA and unsaturated acyl chlorides [66]. PCLF can 
be injected and photo-crosslinked using a molding technique into porous scaffolds and 
single-lumen or multi-channel nerve conduits with excellent biocompatibility and 
controllable physical properties to support rat Schwann cell precursor line (SpL201) cell 
attachment and proliferation as well as guiding axon ingrowth for peripheral nerve 
regeneration [67, 68]. Mechanical properties can be well tailored by crystallinity and 
crosslink density through monomers of different molecular weights [65-70]. A series of 
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multi-block PPF-co-PCL copolymers has been developed using crosslinkable 
poly(propylene fumarate) (PPF) and PCL to achieve a wide range of mechanical 
properties for hard and soft tissue replacements such as bone and nerve repair [71, 72]. 
PCL diacrylates (PCLDAs) and triacrylates (PCLTAs) have recently been developed in 
our lab by end-capping PCL diols or triols with more reactive acrylate groups to improve 
the crosslinking efficiency and then produce defect-free nerve conduits [73, 74]. Roles of 
crosslinking density and crystallinity are illustrated in modulated mechanical properties 
and controlled nerve cell responses [68-74]. 
1.2.2 Physical Gels 
        A soft agar matrix and a firm agar substratum have been used to evaluate the cell 
locomotion of neurons and glial cells [75]. As one linear polysaccharide derived from red 
algae, agarose is soluble in water at temperature above 65 °C and gels at a temperature 
between 17 and 40 °C, depending on the degree of hydroxylethyl substitutions on its side 
chains [76]. Agarose has been used as an in situ gelling hydrogel for investigating the rate 
of DRG neurite extension [76] and conformal repair of spinal cord defects and local 
deliveryafter sinal cord injury when combined with lipid microtubules loaded with brain 
derived neurotrophic factor (BDNF) [77]. Neural stem cells can be encapsulated in the 
hydrogels formed by sodium alginate upon adding calcium chloride (CaCl2) [78]. 
        Chitin or chitosan are promising natural polymers for a wide range of biomedical 
applications. Permeable chitin tubes have been fabricated from chitosan solution at 
different degree of deacetylation using mold casting with controlled mechanical 
properties. Biocompatibility of these tubes has been evaluated by good support for DRG 
cell adhesion and neurite outgrowth [40]. Chitosan gel sponge scaffolds were also 
developed for peripheral nerve regeneration by transplanting Schwann cells derived from 
bone marrow stromal cells (BMSCs) [79]. A thermo-responsive chitosan porous gel 
scaffold has been fabricated at body temperature by adding a polyol salt to a pH-neutral 
chitosan solution and further immobilized with poly(D-lysine) to improve cell adhesion 
and neuron survival [80]. Chitosan have also been modified by conjugation of 
hydroxybutyl groups to be a thermo-reversible gel with controlled water contents and a 
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gelation temperature of lower than 37 °C [81]. Minimal cytotoxicity and good 
proliferation of human mesenchymal stem cells (hMSCs) encapsulated in the gel indicate 
its potential as injectable cell carriers for reconstruction of a degenerated intervertebral 
disk [81]. 
        Collagen, viscous fibronectin, fibrin, and fibrin/fibronectin (FB/FN) have been 
tested as filler materials in an experimental knife-cut cavity in the rat spinal cord [82]. 
Collagen gel can be also used as injectable delivery system [83, 84]. Fibrin gel derived 
from isogenic rat plasma with CaCl2 in a triblock copolymer of L-lactide, glycolide, and 
caprolactone can be used as luminal fillers in bioabsorbable polymer conduits for 
enhancing peripheral nerve regeneration [85]. Hyaluronic acid can also form a physical 
hydrogel for loading BDNF by crosslinking it with the peptide carrying oligohistidine 
segments at both termini [86]. Extracted from human hair, hard a-keratin can be used to 
form a reconstructed keratin hydrogel to promote integrin-mediated adhesion of neural 
progenitor cells [87]. 
        Methylcellulose (MC) has been used as thermo-responsive, injectable scaffold 
which can dissolve in water at room temperature and then form a soft gel at 37 °C [21]. 
MC has been microinjected into brains of rats after cortical impact injury to demonstrate 
its excellent biocompatibility for repair of defects inthe brain [88]. Fast-gelling injectable 
blends of hyaluronan and methylcellulose (HAMC) can be used for intrathecal, localized 
delivery to the injured spinal cord [89, 90]. As a structural polysaccharide, xyloglucan 
can form hydrogels as the result of hydrophobic associations of the glucan backbone [21]. 
Xyloglucan has been modified with poly(D-lysine) to form a thermoresponsive hydrogel 
for enhancing neurite outgrowth from primary neurons and neural stem cells [91]. 
Amphiphilic diblock copolypeptide hydrogels composed of lysine, homoarginine or 
glutamate with leucine boasted tailored density, mechanical properties and porosity by 
tuning copolymer chain length, composition and concentration have achieved desired in 
vivo deposits. They are injected as liquids to form gels with a storage modulus of 100-
400 Pa in the brain of mice, in which no toxicity is detected and they integrate well with 
host cells and nerve fibers [92]. Self-assembling peptide scaffolds have been developed 
for investigating neurite outgrowth and active synapse formation [93]. As one 
  9 
thermoresponsive polymer that can form a hydrogel at temperatures above its lower 
critical solution temperature (LCST) of 29-32 °C, poly(N-isopropylacrylamide)-co-
poly(ethylene glycol) (PNIPAAm-PEG) has been used to form an injectable scaffold for 
spinal cord repair [94]. 
        For numerous uncrosslinked polymers used in nerve repair, gelation also exists 
because of crystallization or chain entanglement. These polymers can be injected as a less 
viscous melt at the processing temperature higher than their Tm and later solidify upon 
cooling. Poly(α-hydroxy acid)s including PLA, PGA and poly(lactic-co-glycolic acid) 
(PLGA) have been used extensively as biocompatible polymers for preparing nerve 
conduits for axon regeneration [1-25,95-98]. Sundback et al. developed a novel injection 
method for PLGA using thermally induced phase transition technique to fabricate porous 
nerve conduits with semi-permeable skins [95]. Hadlock et al. [96,97] and Moore et al. 
[98] used PLGA to fabricate multi-channel scaffolds by rapid solvent evaporation after 
injection. These scaffolds containing Schwann cells have been found to promote axon 
regeneration in vivo with 3D reconstructions of histological sections [97,98]. PCL 
networks discussed earlier combine both chemical networks linked by crosslinks and 
physical networks associated by crystalline domains to render appropriate mechanical 
properties such as flexibility and tear resistance [66-74]. 
1.3 Cell-Material Interactions 
  
        Cell-material interactions are essential to the tissue engineering applications of 
biomaterials. In the past several decades, pioneer scientists have achieved great 
understanding on the roles of biomaterials’ surface physicochemical characteristics in 
determining cell responses [99-101]. These factors can be divided into three major 
categories: surface chemistry such as hydrophilicity, charge characteristics and density, 
surface morphology, and surface mechanical properties. Surface physicochemical 
characteristics are correlated together to influence cell behavior. Surface topography 
tends to influence cell spreading because of an effect called “contact cue guidance” [99-
101]. Also, rough surface can increase surface area for cells to attach and proliferate [99-
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101]. It is of crucial importance to understand how polymer gels support, interact with, 
and regulate nerve cells in their attachment, morphology, migration, proliferation, and 
differentiation. ECM proteins and neurotropic factors can be readily incorporated with 
polymer gels to enhance nerve cell performance and/or encapsulate neural stem cells for 
targeted regeneration. 
1.3.1 Mechanical Cues 
        Since Pelham and Wang reported that surface stiffness of polymer substrate could 
play a critical role in determining cell phenotype and proliferation [102,103], 
investigations have been performed on numerous polymeric biomaterials with varying 
mechanical properties, particularly hydrogels coated with adhesive proteins [104-107]. 
Less attention was paid to hydrophobic polymeric systems in the role of surface stiffness 
in regulating cell behavior [65,67,69,71,72,74]. Extensive studies have been performed 
on the role of hydrogel stiffness in determining cell spreading, proliferation, and 
differentiation [41,48,54,75,76,78,104-114]. A few hydrophobic polymer networks based 
on PDMS, PCLF, PCLDA, and their blends with PPF have also been studied in terms of 
surface stiffness’s role in regulating nerve cells [68-70,72-74,115]. 
         Mechanical properties of substrates have recently demonstrated important cues to 
control neural cells and particularly neural stem cells’ fate. Researchers have attempted to 
independently control substrate stiffness over the range of interests of brain and neural 
tissue while minimizing possible effects from other material parameters. Gelation 
systems are good models for modulating substrate rigidity by precise control of crosslink 
density via varying crosslinking time, crosslinker concentration, and molecular weight of 
precursor. As mentioned in Section 1.2.1, sequentially photo-crosslinked MeHA 
hydrogels developed by Marklein and Burdick have elastic moduli range from 3 kPa to 
100 kPa and hMSCs are found to favor stiffer gels in terms of spreading and proliferation 
[49]. PAM crosslinked with bisacrylamide at different concentrations are able to vary 
crosslinking density to achieve shear modulus from ~10 Pa to 10 kPa. Similarly PC12 
neurites display a threshold response to substrate stiffness of ~100 kPa, stiffer than 
substrates showing good neurites branching with no significant difference, but softer 
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substrates cannot support neurites [111]. PC12 cells are also found to exhibit longest 
neurite extension on more flexible PEGDA hydrogels with modulus from 40-400 kPa via 
varying the monomer concentration [54,107].  
        Engineered protein and DNA crosslinked hydrogels have been developed for their 
ease of independently tuning multiple properties including stimuli-response, degradation 
or erosion rate, reversible gelation, mechanics and neural cell behavior [34,112]. 
Mechanical cues have been investigated for PC12 cell differentiation using a DNA 
crosslinked hydrogel with stiffness from ~100 Pa to 30 kPa [112]. Spinal cord neurons 
are found to extend more primary dendrites but shorter axons on stiffer gels [112]. Photo-
polymerizable methacrylamide chitosan has been developed to study substrate stiffness 
effect to neural stem cells (NSCs). It is found that stiffness is an important factor that 
optimized at 3.5 kPa for proliferation and < 1 kPa for differentiation to neurons [41]. 
Saha et al. also found different preference of neurons and astrocytes towards substrate 
moduli using interpenetrating networks based on PAM and PEG [114]. The neurons 
favors softer gels (~100-500 Pa) while astrocytes prefer stiffer substrate (~1-10 kPa) 
[114], consistent with the findings using DNA hydrogels [112]. Mechanical properties of 
natural gels such as alginate can be controlled as well by varying concentrations of 
calcium ions in solution [78]. The rate of proliferation of NSCs decreases with the 
increase in the modulus ranging from ~100 Pa to 10 kPa [78]. 
        In contrast, it is demonstrated that SpL201 cells favor stiffer substrate of ~100 MPa 
than ~1 MPa on hydrophobic surfaces of photo-crosslinked PCLF or PCLA networks and 
hybrid polymer networks consisting of PPF and PCL [68,70,72-74]. As a conditionally 
immortalized Schwann cell precursor line that generates myelin, SpL201 cells used in 
this study are different from neurons in both cell type and functions as they can 
differentiate into early Schwann cell-like cells, which belong to glial cells, and also can 
upregulate Oct-6 and myelin gene expression upon forskolin treatment [116]. In addition, 
Schwann cell precursor is a favorable cell type for myelin repair in the central nervous 
system because it can circumvent some of the major problems associated with the use of 
Schwann cells [117]. As discovered earlier, soft substrates can stimulate neurite 
extension and branching while inhibit glial cell spreading and proliferation, although 
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mechanism of regulation is still under investigation [75,107-110,114,115]. It should be 
noted that the surface stiffnesses of hydrophobic networks consisting of PCL and/or PPF 
were greatly higher than those of hydrogels (normally less than 1 MPa), which have to be 
incorporated with polycations such as poly(L-lysine), matrigel, and adhesive proteins to 
allow cells to attach and proliferate [102,103,108]. 
1.3.2 ECM Proteins and Neurotrophic Factors 
        Both ECM proteins and neurotrophic factors incorporated in polymer gels serve as 
important cues to promote regeneration behavior in vivo [24,25]. ECM proteins like 
laminin, collagen and fibronectin play important roles in axonal development and nerve 
repair. Collagen type I is the main component of ECM. Its mechanical strength and 
degradation properties have been improved by crosslinking with mTGase, as discussed in 
Section 1.2.1. Incorporation of laminin in collagen scaffolds helps more neurites 
differentiated from PC12 cells at higher concentration of laminin [42]. Crosslinked 
proteins exhibit tunable degradation from less than a week to a longer term via cleavage 
of a neurites secreted protease-urokinase plasminogen activator (uPA) [34]. The gels 
support PC12 cell adhesion and differentiation that increased with the density of RGD 
peptides incorporated [34].  
        The neurotrophic factors that have been investigated include NGF, NT-3, BDNF, 
fibroblast growth factor (FGF), and ciliary-neurotrophic factor (CNTF) [24,25,118]. 
Prepared using double-emulsion technique, PLGA microspheres have been widely 
employed as carriers to deliver these neurotrophic factors such as the glial cell line 
derived neurotrophic factor (GDNF) [119,120], NGF [121], and carbidopa 
(CD)/levodopa (LD) [122]. Microspheres injected in the brain or nerve tissue can have 
controlled release profiles of these factors for various diseases in nervous system. 
Injectable and biodegradable PEG hydrogels have also been combined with basic 
fibroblast growth factor (bFGF-2) and collagen to support survival and growth of neural 
cells while these two factors act differently than either applied individually [58]. The 
release rate of neurotrophins in PEG hydrogels are controlled by the crosslinking density 
of the network. CNTF incorporated and released in the degradable acrylated PLA-PEG-
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PLA macromer have significantly stimulated outgrowth of neurites in numbers and 
lengths [59]. 
1.3.3 Neural Stem Cell Encapsulation 
        Gelation systems offer microenvironment with good biocompatibility, tunable 
mechanical properties and controlled release of neurotrophins to be used as potential cell 
carriers for transplantation of NSCs [28]. Stem cells boasted pluripotency to be 
differentiated into functional cells to replace neurons and secrete neurotrophic factors in 
the damaged neural tissue [18]. HA hydrogels discussed in Section 1.2.1 are widely used 
as cell carriers. HA hydrogels can provide a unique microenvironment with tunable 
physical properties for human embryonic stem cells (hEMCs) to internalize while 
maintaining their undifferentiated state and genetic integrity until being directed to 
differentiate [50]. HA hydrogels incorporated with polylysine can achieve better neural 
stem cell differentiation [51]. NSCs growth and differentiation are well-supported by the 
HA-collagen sponge-like scaffolds [53]. HA hydrogels are loaded with BDNF to 
demonstrated improved survival of transplanted neural cells [86]. 3D collagen hydrogels 
have been used to entrap embryonic hippocampal neurons that could maintain their 
neuronal phenotype as they are at traditional 2D cultures [43]. Chitosan gel spongy 
scaffolds have been used to transplant BMSC-derived Schwann cells in vivo. A suitable 
microenvironment is provided for regenerating axons that were found 7 days after 
surgery and extended into the host distal nerve segment at 14 days [79]. PLGA is 
crosslinked with chitosan to fabricate scaffolds with appropriate mechanical properties 
for BMSCs to differentiate into neurons in the presence of NGF [123]. PLGA 
microspheres can also be good microcarriers for pluripotent stem cells. By incorporating 
retinoic acid, P19 cell are supported and induced to differentiate into neurons on the 
surface of PLGA microspheres [124]. 
1.4 Applications in Nerve Repair 
        Injectable gelation systems including hydrogels, scaffolds and microspheres can be 
used to give mechanical support and deliver drugs and cells in situ to help nerve 
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regeneration. Unique challenges are rendered when I design gelation systems to create 
guiding conduits for axon ingrowth and a permissive microenvironment for promoting 
nerve regeneration in a controlled, localized manner [1-25]. 
1.4.1 Central Nerve Regeneration 
        Diseases relating to central nerves are traumatic brain injury (TBI), chronic 
disorders like Parkinson’s disease, and Alzheimer’s disease, and SCI [1,19]. Injectable 
systems can replace damaged tissue or cavity of irregular shapes and delivery 
therapeutics to help functional recovery. As described in Section 1.2.2, PNIPAAm-PEG 
injectable scaffold platform for treatment of SCI have been fabricated with desired 
mechanical properties to achieve sustained release of BDNF and NT-3 and the survival of 
BMSCs up to 4 weeks [94]. 
        A growth permissive, in situ gelling agarose scaffold has been fabricated and 
embedded with BDNF releasing mircrotubules [77]. These scaffolds are able to fill the 
irregular cavities in the spinal cord [77]. BDNF enhances neurites growth into the 
scaffolds and reduces inflammatory response of the agarose in vivo 6 weeks after 
implantation [77]. Thermo-responsive xyloglucan hydrogel scaffolds with similar 
mechanical properties to native spinal cord have been investigated for applications in 
neural tissue engineering of SC. Immobilized with poly(D-lysine), the scaffolds well 
support differentiation of primary cortical neurons, neural stem cells and axonal 
extensions under both 2D and 3D conditions [91]. Collagen in a highly concentrated 
solution has been developed as localized drug delivery system. Epidermal growth factor 
(EGF) and bFGF-2 were injected together with collagen solution intrathecally at the site 
of injury. It has been proved to significantly enhance ependymal cell proliferation 14 
days post injection to demonstrate successful delivery of growth factors for injured spinal 
cord [83]. Keratin-based hydrogels containing polypeptide can promote neural progenitor 
cell adhesion and proliferation while preventing infiltration of inflammatory cells to 
create suitable microenvironment for treatment of Parkinson’s disease [86]. 
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1.4.2 Peripheral Nerve Regeneration 
        The major challenge facing peripheral nerve regeneration (PNS) is to use artificial 
nerve conduits capable of bridging long gaps at the site of injury [1-14]. The “gold 
standard” for peripheral nerve repair is to use autologous nerve grafts, which however, do 
not result in complete functional regeneration. Therefore, synthetic nerve guidance 
channels have been explored to achieve potentially better control of desired properties 
and regenerative ability compared with autograft [1-14]. Luminal fillers such as factors or 
cells carried in the gelation systems serve as important enhancement in nerve 
regeneration [22]. 
        As described in Section 1.2.2, anisotropic scaffolds of agarose hydrogels containing 
laminin and NGF has been prepared and compared with isotropic scaffolds and autografts 
to regenerate 20 mm nerve gap in rats [36]. Regenerating axons are only observed four 
months post implantation in both laminin and NGF anisotropic scaffolds, which are 
comparable with autografts, but not found in isotropic scaffolds [36]. Synthetic 
crosslinked PCLF and PPF-co-PCL nerve conduits prepared via photo-crosslinking and a 
molding technique are biocompatible with the rat tissue with minimal inflammatory 
response or existence of macrophages [68,72]. These nerve conduits made from 
hydrophobic polymer networks remain connected and intact after the implantation 
without being deformed or swollen by body fluids [68,72]. Nerve cables with myelinated 
axons have been found in crosslinked PCLF nerve conduits after 6 and 17 weeks of 
implantation [68]. 
1.4.3 Drug Delivery for Nerve Repair 
        Polymeric gelation systems for drug delivery are becoming increasingly attractive 
and controllable for nerve regeneration in both short-term and long-term uses [118]. 
HAMC hydrogels described earlier in Section 1.2.2 have promising characteristics such 
as fast-gelling, non-cell adhesive, degradability and biocompatibility within the 
intrathecal space for one month [89]. Drug-loaded hydrogels remain at the site of 
injection and deliver drugs to the spinal cord over the life of the material [89]. This 
system has been examined to achieve broader release profiles by loading PLGA micro-
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particles in the gel [90]. Six molecules have been tested at satisfactory diffusivity with a 
controlled release from 1 to 28 days [90]. PLGA microspheres encapsulating proteins 
have also been entrapped between a chitosan inner tube and a chitin outer tube to achieve 
local delivery of bovine serum albumin (BSA) for over two months under a degradation-
controlled release following an initial burst release. EGF has been co-encapsulated with 
BSA to be released for 56 days and sustain bioactivity for at least 14 days [125]. 
Injectable polymer scaffolds derived from oxidized alginate crosslinked with gelatin in 
the presence of sodium tetraborate have been developed with controlled gelling time and 
crosslinking parameters in-situ. These scaffolds have been evaluated to be biocompatible 
and a model drug has been used to demonstrate their potentials as drug delivery vehicle 
[39]. Collagen gels loaded with NGF have been used to reduce the amount of NGF 
required for PC12 cell culture to 1/30th of the amount used in daily addition method. 
Collagen gels achieve economized controlled release of NGF without influencing cell 
viability, apoptosis and differentiation for potential large-scale culture of neuronal or 
stem cell [85]. pHEMA with conjugated lysine segment have been assessed as hydrogel-
coated devices for release rate of NGF to induce DRG neurons. FDA-approved pHEMA 
hydrogels are as soft as brain tissue. It is demonstrated that NGF combined in the 
pHEMA hydrogel has similar effect as bath-applied NGF at the same concentration [60]. 
Targeted delivery has been achieved by tetanus toxin C fragment conjugated to PLGA-
PEG nanoparticles using a biotin-binding protein neutravidin to selectively target 
neuroblastoma cells in vitro, whereas not targeting liver or endothelial cells [126]. 
1.5 Conclusions 
        In summary, injectable polymer systems have been used as biomaterials for nerve 
repair and regeneration. The applications include scaffold structural materials, fillers, 
substrates for supporting nerve cell proliferation and differentiation, and drug delivery 
systems to release neurotrophic factors such as NGF and other anti-cancer drugs. More 
advanced injectable polymeric systems with better functionalities are expected to be 
developed for nerve tissue engineering applications. 
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CHAPTER II  
POLY(-CAPROLACTONE) ACRYLATES FOR FABRICATING 
NETWORKS TO ACHIEVE CONTROLLABLE PHYSICO-
CHEMICAL PROPERTIES AND TUNABLE CELL RESPONSES 
 
2.1 Introduction 
        In the past several decades, polymeric biomaterials have been attracting much 
attention as they can satisfy different clinical needs such as replacement of diseased 
tissues [1,2]. I aim to develop novel injectable or crosslinkable polymeric biomaterials 
with suitable physicochemical properties for bone and nerve regeneration. For bone 
regeneration, these crosslinkable polymers can be injected and hardened in situ to fill 
bone defects that result from the resection of primary and metastatic tumors or skeletal 
trauma [3,4]. Three-dimensional (3D) pre-formed devices such as bone scaffolds and 
nerve conduits can also be fabricated using these crosslinkable polymers [5-7]. Polymer 
nerve conduits are used to bridge the gap between injured peripheral nerve stumps, 
aiming to replace the present gold standard autologous nerve grafts, which have 
numerous disadvantages such as limited source, additional surgery, loss of nerve function 
in transplantation, and mismatch between injured nerve and donor nerve [8-12].  
        Material hardening or gelation can be induced by thermal or photo-crosslinking or 
physical associations [13]. In this study, I combined crystallite-connected physical 
network with chemical network formed by photo-crosslinking process, which is more 
efficient and faster than thermal crosslinking [14-27]. Among many photo-crosslinkable 
polymeric biomaterials [14-27], several systems have been developed through the 
condensation between ,-dihydroxy poly(-caprolactone) (PCL diol), an oligomeric 
end-functionalized form of FDA-approved biomaterial PCL for applications such as 
controlled drug delivery and suture [28], and unsaturated anhydrides/acid chlorides such 
as maleic anhydride, itaconic anhydride [17], acryloyl chloride [19,20], methacryloyl 
chloride [21], and fumaryl chloride [7,22-26] or crosslinkable macromers such as 
poly(propylene fumarate) (PPF) [27]. Specifically, PCL diacrylates (PCLDAs) were 
  25 
synthesized between PCL diol and acryloyl chloride in benzene using triethylamine (TEA) 
as the proton scavenger [19]. Recently I found that acryloyl chloride or fumaryl chloride 
formed a colored complex with TEA in the reaction and consequently polymers 
synthesized using this method can be colorized, encumbering their photo-crosslinking 
and cell staining in later use [29]. In addition, such colored complexes demonstrated 
cytotoxicity at a low concentration of 0.01 g/L in cell culture medium [29].  
        To solve this colorization problem, previously I have applied potassium carbonate 
(K2CO3) as a substitute of TEA in synthesizing uncolorized photo-crosslinkable PCL 
fumarates (PCLFs) [23]. PCLFs have been used to fabricate nerve conduits for guiding 
axon growth in peripheral nerve regeneration [7] and prepare composites with 
hydroxyapatite nanoparticles for bone-tissue-engineering applications [26]. In this 
chapter, I extended this facile method to synthesize crosslinkable PCL acrylates (PCLAs) 
including both PCLDAs and PCL triacrylates (PCLTAs) from three PCL diols and two 
PCL triols with different molecular weights. I further characterized their chemical 
structures and physical properties. Compared with PCLFs having fumarate segments to 
connect an unknown number of PCL blocks [7,22-26], PCLAs possessed more reactive 
acrylate segments on the chain ends with a theoretical number of 2 or 3. Therefore, 
PCLAs were expected to crosslink more efficiently to form networks with better-defined 
crosslinking density and distance between two neighboring crosslinks. As the molecular 
weight of PCL precursor increased within the range studied here, the crystallinity and 
melting point of both PCLA and PCLA network formed increased significantly. Thus a 
wide range of material properties could be achieved using this series of PCLAs. 
        The purposes of this study is not only to supply a facile synthetic method of photo-
crosslinkable polymers and a library of their controllable physical properties for 
satisfying diverse tissue engineering needs, but also to examine the material design 
strategy of combining crystallite-based physical network and crosslink-based chemical 
network together for modulating both material properties and cell responses. Polymer 
disks, tubes, and porous scaffolds have been fabricated via photo-crosslinking to 
demonstrate the feasibility of manufacturing medical devices using this series of PCLAs. 
Thermal properties such as glass transition temperature (Tg), melting temperature (Tm), 
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and crystallinity (c) have been examined and correlated with their mechanical and 
rheological properties.  
        The correlation between material properties and cell/tissue-material interactions is 
the central task for tissue engineering and clinical considerations [30-32]. Surface 
chemical, morphological, and mechanical properties are major factors in determining 
cell-material interactions [30-32]. Particularly, extensive investigations have been 
performed on revealing the role of surface stiffness using synthetic hydrogels coated with 
adhesive proteins [33-35]. Crosslinked PCLFs were used previously to demonstrate the 
role of crystallinity in regulating mechanical properties and then responses of rat bone 
marrow stromal cells (BMSCs) and Schwann precursor cell line (SPL201) cells [7,26]. 
With well-controlled architecture, crystallinity, mechanical properties, and surface 
characteristics, crosslinked PCLAs in the present study are better model polymers than 
crosslinked PCLFs to investigate the roles of various surface physicochemical factors in 
regulating attachment, spreading, and proliferation of mouse MC3T3-E1 and rat SPL201 
cells. Surface characteristics including surface morphology, hydrophilicity, and its 
capability of adsorbing serum protein from cell culture medium are considered. The 
significance of this study lies in offering solid evidence that PCL crystalline structures 
play a critical role in enhancing both mechanical properties and cell attachment and 
proliferation, which is important for understanding cell-material interactions and 
selecting appropriate materials for biomedical applications.  
 
2.2 Materials and methods 
2.2.1 Synthesis of poly(-caprolactone acrylate)s (PCLAs) 
        PCL diols with nominal molecular weights of 530, 1250, and 2000 g.mol
-1
 and PCL 
triols with nominal molecular weights of 300 and 900 g.mol
-1
 were purchased from 
Aldrich (Milwaukee, WI) and had chemical structures of H-[O(CH2)5CO-]mOCH2CH2-O-
CH2CH2O[-OC(CH2)5O]n-H and C2H5C[CH2O[CO(CH2)5O]nH]3 (Figure 2.1), 
respectively. Prior to acrylation, PCL precursors were dried overnight in a vacuum oven 
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at 50 
o
C. All other chemicals were also purchased from Aldrich unless otherwise noted. 
Methylene chloride was dried and distilled over calcium hydride (CaH2) before the 
reaction. Acryloyl chloride was used as received. Ground K2CO3 was dried at 100 
o
C 
overnight and then cooled down in vacuum.  
        As described in Figure 2.1, acryloyl chloride, PCL diol or triol, and K2CO3 were 
measured out in a molar ratio of 3:1:3. PCL diol or triol was dissolved in methylene 
chloride (1:2 v/v) and placed in a 250 mL three-neck flask along with K2CO3 powder. 
The mixture was stirred with a magnetic stirrer to form a slurry, to which acryloyl 
chloride dissolved in methylene chloride (1:10 v/v) was added dropwise. The reaction 
mixture was maintained at room temperature under nitrogen for 24 hr. After reaction, the 
mixture was filtered to remove the solids (KCl, KHCO3, and unreacted K2CO3). The 
filtrate was then added dropwise to diethyl ether and the precipitate was rotary-



































































Figure 2.1 Synthesis of PCLAs.  
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2.2.2 Characterizations of PCLAs 
        Gel permeation chromatography (GPC) was carried out at room temperature using 
an integrated GPC system (PL-GPC 20, Polymer Laboratories, Inc.) with a refractive 
index detector to determine the molecular weights and polydispersity of PCL precursors 
and PCLAs. The data were processed using Cirrus GPC/SEC software (Polymer 
Laboratories). Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mL/min 
and standard monodisperse polystyrenes (Polymer Laboratories) were used for 
calibration. Fourier Transform Infrared (FTIR) spectra were obtained on a Perkin Elmer 
Spectrum Spotlight 300 spectrometer with Diamond Attenuated Total Reflectance 
(ATR). 
1
H Nuclear Magnetic Resonance (NMR) spectra were acquired on a Varian 
Mercury 300 spectrometer using CDCl3 solutions containing tetramethylsilane (TMS). 
Elemental microanalysis of PCLTAs synthesized in the presence of TEA or K2CO3 was 
performed in Complete Analysis Laboratories, Inc (Parsippany, NJ). 
        Differential Scanning Calorimetry (DSC) measurements were performed on a Perkin 
Elmer Diamond differential scanning calorimeter in a nitrogen atmosphere. To keep the 
same thermal history, samples were first heated from room temperature to 100 
o
C and 
cooled to –90 oC at a cooling rate of 5 oC/min. Then a subsequent heating run was 
performed from –90 oC to 100 oC at a heating rate of 10 oC/min. Wide-angle X-ray 
diffraction (WAXD) patterns were obtained in reflection using an X'pert X-ray 
diffractometer and CuK radiation. Thermogravimetric Analysis (TGA) was performed 
on a TA Q50 thermal analyst in flowing nitrogen at a heating rate of 20 
o
C/min. Zero-
shear viscosities (0) of uncrosslinked PCLAs were measured from the Newtonian region 
at various temperatures up to 120 
o
C using a strain-controlled rheometer (RDS-2, 
Rheometric Scientific) in the frequency () range of 0.1-100 rad/s. A 25 mm diameter 
parallel plate flow cell and a gap of ~0.5 mm were used. 
2.2.3 Photo-crosslinking of PCLAs  
        Photo-crosslinking was initiated with ultraviolet (UV) light (=315-380 nm) from a 
Spectroline high-intensity long-wave UV lamp (SB-100P, Intensity: 4800 uw/cm
2
) in the 
presence of photoinitiator phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, 
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IRGACURE 819
TM
, Ciba Specialty Chemicals, Tarrytown, NY). In crosslinking, 75 L 
of BAPO/CH2Cl2 (300 mg/1.5 mL) solution were mixed with pre-dissolved 
PCLA/CH2Cl2 solution (1.5 g/500 L). Homogeneous PCLA/BAPO/CH2Cl2 mixture was 
transferred into a mold consisting of two glass plates (2.1 mm, thickness) and a Teflon 
spacer (0.37 mm, thickness). The filled mold was placed under UV light with a distance 
of ~7 cm from the lamp head for 20 min. Crosslinked PCLA sheets were removed from 
the mold after cooled down to room temperature. Strips and disks with different 
dimensions were cut from the sheets for various experimental purposes. In fabricating 
porous bone scaffolds, PCLDA2000/BAPO/CH2Cl2 solution was mixed with salt (sodium 
chloride) particles (300-400 m, size). The mixture was crosslinked under UV light for 
30 min. Porous scaffolds (5 mm × 3 mm, length × diameter) with a porosity of 80% were 
obtained after the salt particles were leached away in water. For fabricating nerve 
conduits, homogenous PCLA2000/BAPO/CH2Cl2 mixture mentioned earlier was injected 
from a syringe to a custom mold formed using a glass tube, a stainless steel wire, and two 
plastic end-caps. The mold loaded with viscous polymer solution was rotated under the 
UV light for 20 min to facilitate crosslinking. As other specimens, crosslinked 
PCLDA2000 nerve conduits were soaked in acetone for two days to remove the residue 
of BAPO and sol fraction before dried in vacuum.  
2.2.4 Characterizations of crosslinked PCLAs 
    For determining the gel fractions and swelling ratios of crosslinked PCLAs, two 
crosslinked PCLA disks (8 mm × 1.0 mm, diameter × thickness) for each solvent were 
immersed in excess CH2Cl2 and water. After two days, polymer disks were taken out and 
weighed after blotted quickly. The solvent in the disks was subsequently evacuated and 
the dry disks were weighed. Based on the measured weights of the original (W0), dry (Wd, 
CH2Cl2 was the solvent for determining gel fractions), and fully swollen (Ws) PCLA disks, 
their swelling ratios and gel fractions were calculated using the equations of (Ws-
Wd)/Wd×100% and Wd/W0×100%, respectively. 
        Linear viscoelastic properties of crosslinked PCLAs, including storage modulus (or 
shear modulus) G' and loss modulus G" as well as viscosity  as functions of frequency, 
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were measured using the same rheometer (see Section 2.2) at 20, 37, and 60 
o
C, 
sequentially. Rheological measurements were performed with a small strain (=1%) using 
an 8 mm diameter parallel plate flow cell and a gap of ~0.5 mm, depending on the 
thickness of polymer disk. Torsional modulus was measured on crosslinked PCLA strips 
(~40 mm × ~8 mm × ~1.5 mm, length × width × thickness) with a strain of 1% in the 
frequency range of 0.1-100 rad/s at 37 
o
C using the rheometer. 
        Tensile and compressive properties of crosslinked polymer specimens were 
implemented using a dynamic mechanical analyzer (DMTA-5, Rheometric Scientific) at 
both room temperature and 37 
o
C. Briefly, polymer strips (~30 mm × ~1.5 mm × ~0.3 
mm, length × width × thickness) were pulled and polymer disks (~2.5 mm × ~1.0 mm, 
diameter × thickness) were compressed at a strain rate of 0.001 s
-1
. At least five 
specimens for each sample were measured and averaged.  
Surface morphology of crosslinked PCLDA disks was characterized using a 
multimode atomic force microscopy (AFM) with a Nanoscope V control system (Veeco 
Instruments, Santa Barbara, CA). Tapping-mode images were acquired at room 
temperature with a scan size of 20 m × 20 m at a scan rate of 0.5 Hz. Topography of 
the surfaces was recorded simultaneously with a standard silicon tapping tip on a beam 
cantilever and the root mean square (RMS) roughness was calculated from height images. 
Crosslinked PCLDA disk surfaces and cross-sections of a conduit and a porous scaffold 
made from crosslinked PCLDA2000 were examined using scanning electron microscopy 
(SEM) (S-3500, Hitachi Instruments Inc., Tokyo, Japan).  
2.2.5 Contact angle measurement and protein adsorption  
        A Ramé-Hart NRC C. A. goniometer (Model 100-00-230, Mountain Lakes, NJ) was 
used to measure the contact angle of water on crosslinked PCLA disks. Approximately 1 
L of distilled water (pH=7.0) was injected onto the disk surface and the measurement 
was performed after a static time of 30 s. A tangent method was used to calculate the 
contact angle in degrees. For each sample, three disks were used and six data points were 
taken for calculating average and standard deviation.  
        As described previously [24], in protein adsorption measurement, pre-wetted 
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crosslinked PCLA disks (8 mm × 0.8 mm, diameter × thickness) were immersed in 
MC3T3 cell culture medium (see Section 2.6) for 4 hr at 37 
o
C. Then the disks were 
transferred into 48-well plates (one disk per well) and 600 L of phosphate buffer saline 
(PBS) was used to wash the disks three times. Five minutes of gentle agitation was 
applied and PBS was discarded after each wash. Two hundred forty microliters (240 L) 
of 1% sodium dodecyl sulfate (SDS) solution was put into these wells for 1 hr at room 
temperature. The SDS solution was collected in a plastic vial and new SDS solution was 
put into the wells for another 1 hr. This procedure was repeated twice and all the SDS 
solution was collected in a plastic vial. The concentrations of protein in the collected SDS 
solutions were determined on a microplate reader (SpectraMax Plus 384, Molecular 
Devices, Sunnyvale, CA) using a MicroBCA protein assay kit (Pierce, Rockford, IL). 
Albumin in the kit was used to prepare solutions in SDS with eight known concentrations 
in order to construct a standard curve. 
2.2.6 Cell culture and in vitro cytocompatibility 
        Mouse MC3T3-E1 pre-osteoblast cells (CRL-2593, ATCC, Manassas, VA) and rat 
SPL201 cells were used to evaluate the cytocompatibility of crosslinked PCLAs for 
potential applications in bone and nerve regeneration, respectively. Newly-purchased 
MC3T3-E1 cells were cultured in vitro using Alpha Minimum Essential Medium (Gibco, 
Grand Island, NY), supplemented with 10% fetal bovine serum (FBS) (Sera-Tech, 
Germany) and 1% penicillin/streptomycin (Gibco). Cryo-preserved SPL201 cells were 
thawed and plated on polystyrene flasks in culture medium that contained Dulbecco’s 
modified eagle medium (Gibco), 10% FBS, 1% penicillin/streptomycin, and 10 ng/ml 
human recombinant EGF (Pepro Tech Inc., Rocky Hill, NJ). After plating, cell 
suspension was incubated for 12 hr in a 5% CO2, 95% relative humidity incubator at 37 
C. Cell culture medium was changed after 24 hr of plating the cells. Cells were split 
when they were 80% confluent. Trypsin with a concentration of 0.025% was used to 
bring the cells off from the flasks. The passage number of SPL201 cells was between 8 
and 20.  
        Cytotoxicity evaluation proceeded by harvesting MC3T3 and SPL201 cells from the 
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 with 500 L/cm2 
of primary medium. After purification in acetone and drying, crosslinked PCLA disks 
were sterilized in excess 70% ethanol solution overnight with gentle shaking. Then the 
disks were dried again in vacuum and washed with PBS at least three times prior to use. 
Through culture medium, cells were exposed to the sterile polymer disks (8 mm × 0.8 
mm, diameter × thickness) inside trans-wells for 1, 4, and 7 days for SPL201 cells and 1, 
2, and 4 days for MC3T3 cells, respectively. Wells seeded with cells at the same density 
while no exposure to polymer disks were positive controls and empty wells were negative 
controls. UV absorbance at 490 nm was determined on the incubated MTS assay solution 
(CellTiter 96 Aqueous One Solution, Promega, Madison, WI) using the same micro-plate 
reader as described in Section 2.5 and cell viability was expressed by the normalization 
of UV absorbance to the positive controls’ average value.   
2.2.7 In vitro cell attachment and proliferation 
        MC3T3 and SPL201 cell attachment and proliferation were performed to 
demonstrate the effect of material properties on cell responses. Sterile crosslinked PCLA 
disks were placed on the bottom of 48-well tissue culture plates using autoclave-sterilized 
inert silicon-based high-temperature vacuum grease (Dow Corning, Midland, MI) to 





. Culture medium was removed from the wells and the polymer 
disks were washed with PBS twice after cells were cultured in a humidified atmosphere 
of 5% CO2 at 37
 
°C for 4 hr, 1, 2, 4 days for MC3T3 cells and 4 hr, 1, 4, and 7 days for 
SPL201 cells. Attached cells were fixed in 16% paraformaldehyde (PFA) solution for 10 
min. After PFA solution was removed, the cells were washed twice with PBS and 
permeabilised with 0.2% Triton X-100. Then the cells were stained using rhodamine-
phaloidin for 1 hr at 37 
o
C and DAPI at room temperature for photographing using an 
Axiovert 25 light microscope (Carl Zeiss, Germany). Cell area was determined and 
averaged on 20 non-overlapping cells at 4 hr post seeding using ImageJ software 
(National Institutes of Health, Bethesda, MD).  
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2.2.8 Statistical analysis 
        Student’s t-test was performed to assess the statistical significance (p<0.05) of the 
differences between results. 
 
2.3 Results and discussion 
2.3.1 Structural characterizations 
In the discussion below, PCL precursors and PCLAs are named with the nominal 
molecular weights of PCL precursors (Table 2.1). PCLAs synthesized in the presence of 
K2CO3 were white when they were semi-crystalline or colorless when amorphous. The 
content of nitrogen was measured to be 0.86 wt% and 2.35 wt% for PCLTA300 and 900 
synthesized using TEA as the proton scavenger, respectively. In contrast, nitrogen was 
not detectable (<0.02 wt%) in PCLTAs synthesized using K2CO3. The use of K2CO3 also 
simplified synthesis and purification greatly because inorganic particles could be 
separated easily from the polymer solution through centrifugation or filtration. In addition, 
methylene chloride was used to replace the more toxic solvent, benzene, used in the 
previous method [19]. Recently, this method has been also applied successfully in our 
laboratory to synthesize photo-crosslinkable polyethylene glycol (PEG) acrylates and 
poly(L-lactide) (PLLA) acrylates to avoid colorization or contamination from the yellow 
complex formed between acryloyl chloride and TEA. 
GPC results of all PCLAs synthesized in this study as well as their PCL precursors 
are listed in Table 2.1. It should be noted that the molecular weights and physical 
properties of these PCL diol or triol precursors purchased vary from lot to lot although 
their nominal molecular weights are labeled identical. For example, PCL530 used in our 
previous studies had a Tm at 26.2 
o
C and was wax-like at room temperature [22,23,27]. 
While the Tm was as low as 5.5 
o
C for the present PCL530 and it was a translucent 
viscous fluid instead. The weight-average molecular weights (Mws) of all PCLAs were 
higher than those of their PCL diol or triol precursors as the result of acrylation.  
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The chemical structures of PCLAs were confirmed using FTIR and 
1
H NMR spectra 
in Figures 2.2 and 2.3, respectively. In the FTIR spectra of PCL precursors, PCLAs, and 
crosslinked PCLAs, the absorption peaks at 1635 cm
-1
 in PCLAs could be assigned to the 
vinyl (H2C=CH-) groups from the acrylation of PCL diols and triols. The disappearance 
of this peak after photo-crosslinking suggested that the carbon-carbon double bond was 
consumed to form polymer networks. The absorption bands at 2950 and 1740 cm
-1
 in all 
the samples were attributed to methylene (-CH2-) and ester carbonyl (-C=O) groups, 
respectively. The absorption peak around 3500 cm
-1
 for hydroxyl (-OH) groups in PCL 
diols and triols became weaker in both uncrosslinked and crosslinked PCLAs as they 
were replaced by acylate groups and later crosslinked. In the 
1
H NMR spectra shown in 
Figure 2.3, all the chemical shifts could be well assigned to the corresponding protons in 
the polymer structures demonstrated below the spectra. Evidently PCLAs demonstrated 
vinyl groups (-CH=CH-) in the chemical shift  range of 5.7-6.5 ppm, in agreement with 
literature [19,20].  
 
Table 2.1 Molecular characteristics and thermal properties of the polymers 










C) Hm (J/g) c (%) Td (
o
C) 
PCL diol530 1080 1180 1.1  - 5.5  25.3  19.3 258 
PCL diol1250 2470 3330 1.4  - 44.8  61.0  45.8 374 
PCL diol2000 3470 5200 1.5  -68.6 49.7  68.3  51.1 378 
PCL triol300 670 670 1.0  -65.5  - - - 223 
PCL triol900 1380 1720 1.2  -67.8  26.4  34.3  26.4 326 
PCLDA530 1120 1390 1.2  - 22.9  44.8  36.8 393 
PCLDA1250 2990 4150 1.4  - 46.1  68.7  52.9 405 
PCLDA2000 3510 5150 1.5  -57.9 49.1  74.4  56.9 406 
PCLTA300 720 740 1.0  -70.5  - - - 368 
PCLTA900 2030 2440 1.2  -70.6  28.9  55.7  45.0 405 
Crosslinked PCLDA530 - - - -58.3  - - - 407 
Crosslinked PCLDA1250 - - - -58.0  34.8  39.6  30.4 412 
Crosslinked PCLDA2000 - - - -57.1  39.2  44.5  34.1 414 
Crosslinked PCLTA300 - - - -52.5  - - - 402 
Crosslinked PCLTA900 - - - -53.6  - - - 404 
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2.3.2 Photo-crosslinking and characteristics of crosslinked PCLAs 
    Before crosslinking, PCLDA530, PCLTA300 and 900 were viscous fluids while 
PCLDA1250 and 2000 were wax-like at room temperature, none of which had sufficient 
mechanical properties for load-bearing applications. Zero-shear viscosities (0) of these 
PCLDAs at different temperatures above their Tm were plotted against temperature in 
Figure 2.4. The viscosities of PCLDA530 and PCLTA300 at room temperature were 
sufficiently low to be fabricated into scaffolds directly using stereolithographic methods 
without being diluted in an organic solvent [6], which generates inconvenience and safety 









T aexp~)(  [36] was applied to interpret the temperature dependence of 




), T is 
the absolute measurement temperature (K), and Ea is the activation energy in the above 
equation [36]. The activation energy Ea obtained by plotting log against 1/T was 11.8, 
24.1, 24.7, 20.7, and 34.4 kJ/mol for PCLDA530, 1250, 2000, PCLTA300 and 900, 
respectively. These values showed a trend of approaching to 40 kJ/mol for PCL samples 
with much higher molecular weights [37].  
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Figure 2.2 FTIR spectra of PCL precursors, PCLAs, and crosslinked PCLAs. 
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H NMR (300 MHz, CDCl3, reference TMS) spectra of PCL precursors and 
PCLAs. S = solvent. Asterisk denotes the signals due to the residue of acetone. 
 
Gel fraction indicates the efficiency of crosslinking in polymer chains and decides 
the integrity of crosslinked products. Photo-crosslinking for 5, 10, 15, 20, and 30 min was 
performed on PCLDA530. The gel fraction of crosslinked PCLDA530 increased with 
crosslinking time from 0.762 to 0.832, 0.854, 0.881, and 0.882, respectively. Therefore, 
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20 min was chosen to photo-crosslink all PCLAs because it was sufficient for achieving 
high gel fractions without causing over-cure problems such as warping and cracks in 
crosslinked products. Unlike PCLFs with multiple fumarate segments along one polymer 
chain [7,22-26], the maximum number of acrylate segments could only be 2 for PCLDAs 
or 3 for PCLTAs. As the result, there was no evident dependence of photoinitiator BAPO 
for the gel fraction and mechanical properties of the polymer networks when BAPO 
amount was varied in crosslinking. In contrast, BAPO amount can be used to modulate 
PCLF networks’ gel fraction, thermal and mechanical properties [25].  



























Figure 2.4 Temperature dependence of zero-shear viscosity for PCLAs. 
 
The gel fraction of crosslinked PCLDA530, 1250, 2000, PCLTA300 and 900 was 
0.88 ± 0.01, 0.82 ± 0.02, 0.69 ± 0.01, 0.91 ± 0.03, and 0.85 ± 0.002, respectively. These 
values were higher than those of their PCLF counterparts photo-crosslinked at the same 
condition [7,22-26] because the double bonds in acrylates without steric hindrance were 
more reactive than those in fumarates. In addition, PCLTAs had three active acrylate end 
groups for crosslinking. The swelling ratio of crosslinked PCLA in methylene chloride 
increased from 2.2 for crosslinked PCLDA530 to 5.6 for crosslinked PCLDA1250 and 
10.6 for crosslinked PCLDA2000 as the distance between two neighboring crosslinks in 
the network increased. Because of the same reason, the swelling ratio for crosslinked 
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PCLTA300 was 2.5 while it increased to 5.1 for crosslinked PCLTA900. PCLA networks 
did not swell in water or PBS, suggesting the scaffolds made from them can remain the 
original shape in in vivo implantation before the degradation starts to be apparent. 

































Figure 2.5 DSC curves of PCL precursors, PCLAs, and crosslinked PCLAs. 
2.3.3 Thermal properties 
      DSC curves in Figure 2.5 from the heating run were used to obtain the thermal 
properties of PCLAs such as Tg, Tm, and the heat of fusion Hm listed in Table 2.1. Tg 
was determined using the midpoint temperature of the glass transition and Tm was the 
highest peak temperature among multiple exothermal peaks, which corresponded to the 
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different arm lengths in PCL precursors and PCLAs. Crystallinity c was calculated using 
the equation of c=[Hm/(PCLHm
c
)] 100%, where Hm
c
 of completely crystalline PCL 
is 135 J/g [38] and PCL was 90.1%, 96.3%, 96.9%, and 91.8% for PCLDA530, 1250, 
2000, and PCLTA900, respectively. 
Like their PCL diol precursors, PCLDAs were all semi-crystalline with varied Tm 
and crystallinity. PCLDA530, 1250, and 2000 had a Tm at 22.9, 46.1, 49.1 
o
C and 
crystallinity of 33.2%, 50.9%, 55.1%, respectively. Because of their low molecular 
weights, PCL triol300 and PCLTA300 were amorphous with a Tg at -65.5 and -70.5 
o
C, 
respectively. PCL triol900 and PCLTA900 were semi-crystalline with three melting 
peaks at 15, 23, and 29 
o
C. After crosslinking, crystallinity and Tm decreased significantly 
for all PCLAs because the crystallization of PCL segments was strongly restricted by the 
polymer network [25,39]. As demonstrated in Figure 2.4, crosslinked PCLDA530, 
PCLTA300 and 900 became completely amorphous. In contrast, crosslinked 
PCLDA1250 and 2000 were still semi-crystalline with a lower Tm of 34.8 and 39.2 
o
C 
and a reduced crystallinity of 29.3% and 33%, respectively. These five crosslinked 
PCLAs with varied crosslinking density, c, and Tm therefore served excellent model 
polymers with distinct mechanical properties at both room temperature and 37 
o
C. 
Correspondingly, WAXD patterns in Figure 2.6 demonstrate the crystalline 
structures of PCL precursors, uncrosslinked and crosslinked PCLAs. PCLAs shared the 
same diffraction peaks at 2=20.2, 21.4, 22.0, 23.7, and 30.0o with their precursor PCL 
diols, corresponding to the d-spacings of 0.440, 0.415, 0.403, 0.375, and 0.295 nm, 
respectively [25,40]. After crosslinking, the diffraction peak at 2=22.0o was no longer 
prominent for all five crosslinked PCLAs and there was only a broad diffraction peak at 
2=20.2o (d=0.440 nm) for crosslinked PCLDA530 and PCLTA300, confirming their 
amorphous characteristics.  
        TGA was performed to determine the thermal stability of both uncrosslinked and 
crosslinked PCLAs as well as their PCL precursors. As demonstrated in Figure 2.7, all 
samples had one single degradation step. The onset thermal degradation temperature (Td) 
increased significantly after the acrylation of PCL precursors, especially for the low-
molecular-weight ones, because thermal crosslinking occurred before degradation in the 
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measurements. Td increased slightly further for all three PCLAs after crosslinking. It 
should be noted that Td was much lower than the reported values of over 600 
o
C for the 
same PCL networks synthesized using the previous method [19]. Td for crosslinked 
PCLDA530, 1250, and 2000 and PCLTA300 and 900 in this study was 407, 412, 414, 
402, and 404 
o
C, respectively. In comparison, the values for their uncrosslinked 
counterparts were 393, 405, 406, 368, and 405 
o
C.  
































Figure 2.6 WAXD patterns of PCL precursors, PCLAs, and crosslinked PCLAs. 
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Figure 2.7 TGA curves of (a) PCL diols, PCLDAs, and crosslinked PCLDAs and (b) 
PCL triols, PCLTAs, and crosslinked PCLTAs. 
2.3.4 Mechanical and rheological properties of crosslinked PCLAs 
Rheological properties of crosslinked PCLAs at 25, 37, and 60 
o
C measured using 
dynamic frequency sweep mode are demonstrated in Figure 2.8. All crosslinked PCLAs 
showed characteristic curves as polymer networks by showing that frequency-
independent G' was always greater than G" and shear thinning (approximately ~-1) 
occurred for . Because crosslinked PCLDA530 was amorphous, there was no 
variance with temperature for G', G", and . In contrast, both crosslinked PCLDA1250 
and 2000 showed distinct sets of curves at different temperatures as their crystallinity 
changed with temperature. With the enhancement of crystalline domains, G' at 1 rad/s 
increased from 0.854 MPa for amorphous crosslinked PCLDA530 to 13.04 MPa and 
further to 53.9 MPa for semi-crystalline crosslinked PCLDA1250 and 2000 at 25 
o
C, 
respectively. When the networks were all amorphous at 60 
o
C, G' at 1 rad/s decreased 
from 0.832 MPa for crosslinked PCLDA530 to 0.551 MPa for crosslinked PCLDA1250 
and 0.162 MPa for crosslinked PCLDA2000. Shear modulus for an amorhpus polymer 
network is determined by the average molecular weight (Mc) between two neighboring 





 , where  is the density [42]. In this study, 
Mc was the molecular weight of PCL diol in PCLDAs and was the arm molecular weight 
in PCLTAs. Similar to crosslinked PCLDA530 in Figure 2.8a, crosslinked PCLTAs were 
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amorphous and did not show temperature dependence in G', G", and (not shown). 
Crosslinked PCLTA300 had higher rheological values compared with crosslinked 
PCLTA900 as it was a denser network. For example, shear modulus (Table 2.2) was 2.01 
MPa for the former but only 1.00 MPa for the later. 










































































































































Figure 2.8 Storage modulus G' (solid symbols), loss modulus G" (open symbols), and 
viscosity (lines) vs. frequency for crosslinked PCLDAs (a: PCLDA530; b: 
PCLDA1250; c: PCLDA2000) at 25
o
C (triangles and solid lines), 37
 o
C (circles and 
dashed lines), and 60
 o
C (squares and dotted lines). 
 
    The mechanical properties of crosslinked PCLA disks or strips determined from tensile, 
compression, shear, and torsional measurements at 37 
o
C are shown in Table 2.2 and 
representative stress-strain curves of these five samples in tensile and compressive 
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measurements are demonstrated in Figure 2.9. Because crosslinked PCLDA530, 
PCLTA300 and 900 were amorphous without the enhancement of crystallites, their 
mechanical properties were determined by crosslinking density. Therefore all the moduli 
of crosslinked PCLDA530 were the lowest among crosslinked PCLDAs and the moduli 
of crosslinked PCLTA300 were always higher than those of crosslinked PCLTA900. 
With crystallites serving as physical fillers and forming a physical network, crosslinked 
PCLDA2000 with the highest crystallinity and Tm had the highest tensile, shear, 
compression, and torsional moduli at 37 
o
C among these samples. When the measurement 
was performed at room temperature, mechanical properties increased slightly for 
amorphous samples, crosslinked PCLDA530 and PCLTAs. For semi-crystalline samples, 
the crystalline domains melted partially at 37 
o
C although their Tm was higher than it. As 
the result, when the measurement temperature was lowered from 37 to 25 
o
C, tensile 
moduli increased greatly from 21.5 and 70.0 MPa to 118.4 and 289.6 MPa while 
compression moduli increased from 14.5 and 49.3 MPa to 89.5 and 124.4 MPa for 
PCLDA1250 and 2000, respectively. From the above results, it is evident that mechanical 
properties of crosslinked PCLAs can be well modulated in a wide range through both 
crosslinking density and crystallinity.   
 
Table 2.2 Mechanical properties of crosslinked PCLAs at 37 
o
C 






Tensile modulus (MPa) 
PCLDA530 6.380.63 (8.5±1.0)
a
























a. Data in parenthesis were obtained at room temperature. 
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2.3.5 Surface characteristics and protein adsorption  
Surface characteristics of crosslinked PCLDAs such as morphology, hydrophilicity, 
and the capability of adsorbing protein from cell culture medium have been determined. 
SEM images of the surfaces of crosslinked PCLDA530 and 2000 disks are shown in 
Figure 2.10. Because of the higher gel fractions, both crosslinked PCLDA530 and 2000 
as well as other three crosslinked PCLAs had smooth surfaces after being purified in 
acetone, compared with the rough surfaces in crosslinked PCLFs, especially crosslinked 
PCLF2000 having the lowest gel fraction of 0.53 [7,25]. However, AFM images in 
Figure 2.11 still demonstrate difference in surface morphology at nanometer scale. Semi-
crystalline samples, i.e. crosslinked PCLDA1250 and 2000 had rougher surfaces (RMS 
roughness: 204 and 260 nm) than amorphous crosslinked PCLDA530 (RMS roughness: 
8.6 nm) due to their comparably lower gel fractions and surface rearrangement from 
purification in acetone and then crystallization. In order to clarify the role of surface 
morphology in influencing cell responses, I deliberately compressed disks of crosslinked 
PCLDA1250 and 2000 and achieved smoother surfaces (Figure 2.11) with lower RMS 
roughnesses of 20.8 and 53.8 nm, respectively.  




Figure 2.10 SEM images of (a) crosslinked PCLDA530 and (b) PCLDA2000 disks, 
cross-sections of (c) a crosslinked PCLDA2000 conduit and (d) a crosslinked 
PCLDA2000 porous scaffold. 
 
The fabrication method using photo-crosslinking [7] was efficient for making nerve 
conduits free of defects, as shown in Figure 2.10c. Because the Tm of PCLDA2000 was 
higher than 37 
o
C, nerve conduits made from it had sufficient flexibility and resistance to 
tear during in vivo implantation while the suturability was also excellent to satisfy the 
basic requirements of being used for guided nerve regeneration [7,8]. The flexural 
modulus of PCLDA2000 conduits was 64 MPa at room temperature. Fig. 10d shows that 
salt leaching method could also be applied to prepare scaffolds with controllable porosity 
and pore size for bone tissue-engineering applications. Presently I am fabricating nerve 
conduits and bone scaffolds using these PCLAs and stereolithographic methods.  




















Figure 2.11 AFM images (A: 3D height images; B: 2D phase images) of original 
crosslinked PCLDA disks and compressed disks of crosslinked PCLDA1250 and 2000. 
 
Figure 2.12 shows the contact angles of water on the surfaces of crosslinked PCLAs 
and the surfaces’ capability of adsorbing serum proteins from cell culture medium. The 
contact angle of water increased from 595o on crosslinked PCLDA530 to 673o and 
774o on crosslinked PCLDA1250 and 2000, respectively. It indicated a higher 
hydrophobicity when the polymer was more crystalline, as reported earlier for 
crosslinked PCLFs [7]. For amorphous crosslinked PCLTA300 and 900, the contact 
angle of water was 564o and 523o, respectively. Aqueous adhesion tension () 
calculated from the water contact angle  using the equation of =lvcos and water-
vapor surface tension lv of 72.8×10
3
 N/m [30] was 3.75 ± 0.51, 2.78 ± 0.18, 1.61 ± 0.27, 
4.46 ± 0.3, and 4.03 ± 0.41 N/m for crosslinked PCLDA530, 1250, 2000, PCLTA300 and 
900, respectively. Both hydrophilicity and surface roughness influence the capability of a 
polymer surface to adsorb proteins from culture medium [30-32]. Though a higher 
roughness was observed from crosslinked PCLDA2000 disks (Figure 2.11), its higher 
hydrophobicity might prohibit culture medium from spreading over the disk surface. 
Crosslinked PCLDA1250 disks had advantages of both surface roughness and 
comparably lower hydrophobicity, therefore they had the highest capability of adsorbing 
proteins from culture medium. This observation was in good agreement with our earlier 
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report on the protein adsorption on three crosslinked PCLFs [7]. Crosslinked PCLTA900 
disks could adsorb more proteins than crosslinked PCLTA300 although both disks were 
amorphous and had similar water contact angle of ~55
o
. 




















































Figure 2.12 Contact angles of water and protein adsorption on crosslinked PCLA disks. 
 
2.3.6 Cell viability, attachment, spreading, and proliferation 
        Because PCLAs were synthesized for bone and nerve tissue-engineering 
applications, both mouse MC3T3 and rat SPL201 cells were chosen to evaluate cell 
viability and responses to the polymer disks. Similar to PCLF networks [7,24], no 
detectable degradation could be observed for all PCLA networks in PBS at 37 
o
C in one 
week. Therefore, surface morphology and mechanical properties largely remained in the 
duration for cell studies. All crosslinked PCLAs demonstrated no cytotoxicity in 4 and 7 
days for MC3T3 and SPL201 cells, respectively. Cell proliferation was performed in the 
same duration for each cell type and cell attachment was evaluated 4 hr post seeding.  
        Cell attachment and spreading on polymer substrata are crucial for cell motility, 
growth, and organization of tissues when polymers are used in biomedical applications 
[43]. It can be seen in Figure 2.13 that the normalized number of attached cells 4 hr post 
seeding increased from crosslinked PCLDA530 to 1250 and 2000 while it decreased from 
crosslinked PCLTA300 to 900 consistently for both cell types. MC3T3 cells attached on 
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the polymer surfaces significantly more than SPL201 cells, suggesting different cells may 
respond distinctly to the same substrates because of the distinct mechanical 
characteristics of their original tissues [34]. However, these two cell types might have 
different activities as they were obtained from different sources and passages. MC3T3 
cell area at day 1 post seeding was 1503 ± 320 m2 per cell on the disks of crosslinked 
PCLDA530 and it did not increase significantly with culture time. In contrast, cell area at 
day 1 increased to 1873 ± 168 and 2108 ± 305 m2 per cell on crosslinked PCLDA1250 
and 2000, respectively. Similar to crosslinked PCLDA530, another two amorphous 
polymer networks, crosslinked PCLTA300 and 900 had values of 1704 ± 315 and 1609 ± 
229 m2 per cell, respectively. 


































Figure 2.13 Normalized MC3T3 and SPL201 cell attachment 4 hr post seeding on 
crosslinked PCLA disks, compared with cell-seeded tissue-culture polystyrene (TCPS) as 
positive control. *, p<0.05 relative to PCLDA530, PCLDA1250, and TCPS. +, p<0.05 
relative to PCLTA900 and TCPS.  
 
        As demonstrated in Figure 2.14A, the number of MC3T3 cells increased 
significantly when the substrate changed from crosslinked PCLDA530 to 1250 and 2000 
at day 1, 2, and 4 post seeding. It decreased when the substrate changed from crosslinked 
PCLTA300 to 900. The trend was in agreement with cell attachment in Figure 2.13. 
Attached MC3T3 cells demonstrated spread-out phenotype. Figure 2.14B shows the cell 
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numbers on the substrates at different time points, which were calculated from the MTS 
absorption data and the standard curve constructed using positive wells with five known 
cell numbers of 5, 10, 20, 30, and 50×10
3
 4 hr post seeding. The data and trend in Figure 
2.14B were consistent with the cell images in Figure 2.14A. Substantial cell proliferation 
could be found on the disks of crosslinked PCLDA2000 while it was weaker on the disks 
of crosslinked PCLDA1250 and 530. Proliferation index (PI) was calculated by dividing 
the cell number at day 4 by the initial number of attached cells 4 hr post seeding (Figure 
2.13) [44]. It increased from 1.25 on crosslinked PCLDA530 to 1.53 and 1.64 on 
crosslinked PCLDA1250 and 2000, respectively. Doubling time of cells was also 
determined by plotting the natural log of the cell number against time, from which the 
growth rate was obtained as the slope or ln(PI)/4, and the following equation: doubling 
time = ln2/growth rate [45]. Doubling time decreased from 9.25 days on crosslinked 
PCLDA530 to 5.25 days on crosslinked PCLDA1250 and further to 4.24 days on 
crosslinked PCLDA2000, indicating faster cell proliferation on more crystalline polymer 
networks. These observations were consistent with the earlier report on the cell responses 
to crosslinked PCLFs using rat BMSCs and SPL201 cells [7,26]. For amorphous disks of 
crosslinked PCLTA300 and 900, no cell proliferation existed although sparse cells with 
less spread-out phenotype could be observed on their surfaces.  
        In Figure 2.14C,D, the above trend could also be observed using SPL201 cells 
although the numbers of cells were evidently lower. Crosslinked PCLDA2000 had 
significantly higher cell numbers at day 1, 4, and 7 post seeding and it could support cell 
proliferation with a PI of 4.84. In contrast, crosslinked PCLDA1250 with a semi-
crystalline structure could support cell proliferation with a lower PI of 4.44. However, the 
doubling time of SPL201 cells was 3.08 and 3.26 days on crosslinked PCLDA2000 and 
1250, respectively. Amorphous crosslinked PCLDA530 and PCLTA300 and 900 could 
not support SPL201 cell proliferation and there was even a decrease in cell numbers after 
SPL201 cells attached initially on the disks. Furthermore, attached SPL201 cells 
demonstrated round-shaped phenotype without extensive spreading on these amorphous 
disks.  
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400 m
 
Figure. 2.14 Morphology of mouse MC3T3 cells (A: ×200) and  rat SPL201 cells (C: 
×100) on crosslinked PCLA disks at day 1, 2, and 4, and at day 1, 4, and 7 post seeding, 
respectively. The scale bar of 200 and 400 m is applicable to all in A and C, 
respectively. Corresponding numbers of MC3T3 cells (B) and SPL201 cells (D) on the 
crosslinked PCLA disks, compared with cell-seeded TCPS as positive (+) control. *, 
p<0.05 relative to PCLDA530, PCLDA1250 and TCPS. +, p<0.05 relative to PCLTA900 
and TCPS. 
2.3.7 Further discussion on cell-material interactions 
        In agreement with the earlier findings using PCLF networks [7,25,26], it is evident 
that PCLA networks with controllable mechanical properties by varying crystalllinity can 
result in dramatically different cell responses. Generally there are three major categories 
of determining factors for cell-material interactions [30-32]. Chemical factors include 
  52 
functional groups on surface, surface hydrophilicity, charge density, the capability of 
adsorbing protein, and protein coating [30-32]. Topological features and surface 
roughness at both micron and nanometer scales will influence cell attachment and 
proliferation because of contact guidance effect and increased surface area [30-32]. 
Mechanical factors such as surface stiffness and hydrodynamic shear stress applied onto 
cells will influence cell proliferation and phenotype significantly as the actin-myosin 
associations can be considered as probes to detect the mechanical signals and transduce 
them to the nucleus [30,31,32-35]. Consequently Ca
2+
 influx across the cell membrane 
can be modulated by the nucleus to regulate cell responses including cell motility, 
spreading, proliferation, and apoptosis [30,31,32-35]. 
        All crosslinked PCLAs were composed of PCL dominantly without being 
chemically modified on the surfaces. Nevertheless, as discussed in Section 3.4, surface 
chemistry such hydrophilicity and the capability of adsorbing protein from cell culture 
medium varied as the polymer crystallinity changed. Hydrophilicity, or surface energy, 
can dictate protein adsorption and conformation [45]. Low surface energy and 
hydrophobicity generally result in increased protein adsorption [45]. Although it is often 
believed that better protein adsorption and intermediate wettability with a water contact 
angle of ~50
o
 may help cell attachment and proliferation [30-32], clear correlation 
between them is not universal without exceptions [7,24,26,46]. Surface rearrangement 
induced by water contact might not exist in the present crosslinked PCLAs as 
hydrophobic polymer networks resist this change. As discussed earlier in Figure 2.10, 
crosslinked PCLDA2000 had the highest contact angle because of its highly crystalline 
characteristics and the lowest protein adsorption from culture medium among these 
crosslinked PCLAs. It is worthwhile to note and also was suggested by previous studies 
[45,47], the amount of adsorbed proteins might not be the only indicator in affecting cell 
affinity since they might adopt different conformations on the surfaces and their 
functionalities could be different. Moreover, non-extracellular matrix (ECM) proteins 
such as albumin and ECM proteins for supporting cell adhesion such as fibronectin 
should be differentiated from each other in total adsorbed proteins [30,32]. Such concerns 
are presently under investigations in our laboratory. Nevertheless, both hydrophilicity and 
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protein adsorption cannot interpret why crosslinked PCLDA2000 could support cell 
attachment and proliferation significantly better than other less crystalline or amorphous 
crosslinked PCLAs.  
        Using PLLA with a Tg higher than 37 
o
C, researchers could prepare specimens with 
well-modulated crystallinity by quenching the sample from melt and then crystallizing at 
different temperatures between Tg and Tm [48,49]. Differences in cell behavior were 
reported on amorphous or less crystalline versus more crystalline PLLA substrates 
[48,49]. The influence of nanometer-scale roughness on proliferation was also revealed 
on the osteoblast response to PLLA crystallinity [50,51]. However, the origins for 
different cell behaviors still remain elusive after systematic investigations on numerous 
factors by Park and Griffith [48], especially when the surface morphology is not involved 
in samples with smooth surfaces. Although crosslinked PCLDA1250 and 2000 were 
semi-crystalline, their Tgs ranged from -70 
o
C to -50 
o
C and the preparation method of 
photo-crosslinking between two smooth glass plates constrained crystallizable PCL 
segments from forming crystallite-induced surface features at length scale smaller than 
that demonstrated in Figure 2.11. In order to elucidate the role of surface roughness in 
influencing cell attachment and proliferation, crosslinked PCLDA1250 and 2000 disks 
were melted and compressed between two glass plates and then cooled down below their 
Tm to obtain smoother disks. By comparing the cell numbers at 4 hr, 1 and 4 days post 
seeding, little difference was found in cell attachment and proliferation between original 
and compressed disks for both crosslinked PCLDA1250 and 2000. This result indicated 
that surface morphology might not be responsible for the dramatic difference in cell 
responses shown in Figures 2.13 and 14.  
        Unlike glassy PLLA having mechanical properties with little dependence on 
crystallinity at 37 
o
C [52], PCL crystalline domains formed a second network to 
strengthen the amorphous chemical network dramatically. Therefore, the role of 
crystalline structure in determining cell responses to these two crystalline polymers may 
be fundamentally different. Though more investigations need to be performed, I 
tentatively attribute the enhanced cell attachment, spreading, and proliferation on semi-
crystalline PCLDA2000 network to the mechanical factor. There remain a few 
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unanswered questions involving the threshold for a polymer surface to be sufficiently 
stiff to support a certain cell type to attach, spread, and proliferate. I explore to quantify 
the cell-material interactions by directly measuring cell adhesion force on this series of 
polymers using tools such as micropipette peeling, hydrodynamic shear stress, and 
centrifugation [53].  
        Based on these polymers with tunable mechanical properties and cell responses, I 
can select suitable biomaterials and develop better ones for different applications ranging 
from hard tissue replacement to soft tissue replacement and enhance our understanding 
about the materials’ role in tissue-repair strategies. Mechanical properties can be further 
modulated in a wider range by blending different crosslinkable PCLAs at different ratios 
or with amorphous crosslinkable polymer poly(propylene fumarate) (PPF) that has a 
higher density of crosslinkable segments [17,24]. Long-period biocompatibility of PCLA 
networks in medical applications will be strongly influenced by the degradation and 
crystallinity. By incorporating with hydrophilic dangling chains with positive charges, the 
wettability and biocompatibility of PCLA networks can be improved without sacrificing 
mechanical properties significantly. As these PCLAs can be crosslinked thermally or by 
photo-initiation, they can be fabricated into 3D structures such as nerve conduits with 
structural features such as a porous wall and multiple guiding channels. Using this series 
of PCLAs, I am also studying the role of crystalline domains in controlling mouse PC12 
and neuroprogenitor cell differentiation in the presence of nerve growth factor on 2D 
substrates, and MC3T3 cell migration and proliferation in 3D porous scaffolds.  
 
2.4 Conclusions 
A facile synthetic route has been applied to prepare crosslinkable poly(-
caprolactone) acrylates (PCLAs) including three poly(-caprolactone) diacrylates 
(PCLDAs) and two poly(-caprolactone) triacrylates (PCLTAs) in the presence of a new 
proton scavenger, K2CO3. Besides more convenient synthesis and purification steps, the 
light-colored products yielded using this new method were more efficient for photo-
crosslinking and cell studies. Crosslinked PCLAs in the present study were excellent 
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model polymeric systems with chemically-crosslinked network and physical network 
connected by crystalline domains. Through varying the molecular weight of PCL 
precursor, crystallinity and Tm could be well modulated. Consequently, their mechanical 
and rheological properties, surface roughness and hydrophilicity varied significantly. 
Among these five PCLAs, PCLDA530 and PCLTA300 had sufficiently low viscosities 
for being used as resins in stereolithography to fabricate polymer scaffolds directly. 
Photo-crosslinked PCLDA2000 substrate with the highest crystallinity and mechanical 
properties was the most favorable material for cell attachment, spreading, and 
proliferation using both mouse MC3T3 cells and rat SPL201 cells. Surface morphology 
and other chemical cues such as hydrophilicity and the capability of adsorbing protein 
could not be applied to interpret the trend in cell responses to the crosslinked PCLA disks. 
Tentatively, surface stiffness enhanced by the crystalline domains was used to explain 
why cell attach and proliferate most significantly on crosslinked PCLDA2000 disks. 
Together with excellent cytocompatibility, these polymers were used to fabricate 2D 
disks, 3D tubes and scaffolds using photo-crosslinking, demonstrating their potentials as 
injectable biomaterials for diverse tissue engineering applications. 
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CHAPTER III 
 ELUCIDATING COLORIZATION IN THE FUNCTIONALIZATION 
OF HYDROXYL-CONTAINING POLYMERS USING 
UNSATURATED ANHYDRIDES/ACYL CHLORIDES IN THE 
PRESENCE OF TRIETHYLAMINE  
  
3.1 Introduction 
        It is a widely used method to develop crosslinkable or injectable materials for 
biomedical applications by functionalizing hydroxyl-containing polymers or oligomers 
with unsaturated anhydrides or acyl chlorides in the presence of a proton scavenger, 
triethylamine (TEA or Et3N).[1-6] Although numerous crosslinkable polymers have been 
synthesized successfully using this method, yellowish or dark brown color always exists 
in the products and purification is practically rather difficult and incomplete.[1-6] This 
problem has been intriguing for biomaterial researchers and could not be ignored in the 
condensation between poly(-caprolactone) (PCL) diol and fumaryl chloride (FC) using 
TEA because the dark color of the PCL fumarate (PCLF)  synthesized was detrimental to 
the efficiency of photo-crosslinking and cell/tissue staining as well as product 
appearance.[5]  
        Previously, Wang et al. have avoided colorization by using potassium carbonate 
(K2CO3) as a substitute for TEA in synthesizing PCLF, polyethylene glycol fumarate 
(PEGF), and their amphiphilic copolymer.[7] K2CO3 was also used even earlier to 
neutralize the condensation byproduct HCl between FC and propylene glycol and prevent 
premature loss of the fumarate double bond in synthesizing poly(propylene fumarate) in 
the Mikos group.[8] Though this substitute for TEA has been used to overcome the 
colorization problem successfully, the reason for colorization remains elusive and related 
potential concerns are yet to known. In this chapter, I feel compelled to elucidate the 
origin and mechanism of such colorization in esterification and to reveal the cytotoxicity 
of the complexes formed between unsaturated anhydrides or acyl chlorides and TEA, 
which are accused for causing colorization. Furthermore, I propose principles for 
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selecting proton scavengers that will not generate colorization in the functionalization of 
hydroxyl-containing polymers using unsaturated anhydrides/acyl chlorides. 
        As an electron donor, TEA or pyridine forms n- type complexes with electron 
acceptors such as alkyl halides, sulfonyl chlorides, and acyl chlorides, involving 
proton/charge transfer.[9-13] Under photo-irradiation, TEA can also react with methylene 
chloride and C60.[14,15] Known as the Einhorn reaction,[16] much attention was paid in 
the past to the formation of intermediate ketenes and the double bond shift from the ,- 
to the ,-position in the alcoholysis of ,-unsaturated acyl chlorides such as crotonoyl 
chloride with tertiary amines such as TEA and pyridine.[17-27] The reaction of TEA with 
maleic anhydride (MA) was first reported by Mayahi and El-Bermani to yield a yellow 
solution first and then a dark brown solid in a few minutes.[28] Such reaction between 
tertiary and primary amines with cyclic anhydrides was further investigated in terms of 
kinetics.[29,30] Though extensive, the above studies were not performed on the 
esterification of hydroxyl-containing polymers and therefore little attention was paid to 
how such complexation would affect the properties and biological performance of the 
polymers resulted. 
        To demonstrate the formation of complex, I performed the reactions between TEA 
and four unsaturated anhydrides or acyl chlorides, namely, MA, itaconic anhydride (IA), 
acryloyl chloride (AC), and FC. The chemical structures of the complexes produced from 
the above reactions and reaction mechanisms were confirmed using Fourier-transform 
infra-red (FTIR) spectroscopy, Nuclear Magnetic Resonance (NMR) spectroscopy, UV-
vis spectroscopy, photoluminescence spectroscopy, and elemental analysis. Using human 
embryonic kidney (HEK293) cells, I further examined the cytotoxicity of these 
complexes in cell culture medium at different concentrations over one week. By 
providing detailed evidence, this Note aims to raise the concerns about using TEA as a 
common proton scavenger in synthesizing crosslinkable polymers for biomedical 
applications. 
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3.2 Experimental Section 
3.2.1 Materials 
    All chemicals were purchased from Aldrich (Milwaukee, WI) unless otherwise noted. 
AC from Aldrich and FC, MA, and IA from Acros Organics (Morris Plains, NJ) were 
used without further purification. Methylene chloride and TEA (Fisher Scientific, Fair 
Lawn, NJ) was distilled over calcium hydride (CaH2).  
3.2.2 Synthesis 
    Typically, 0.05 mol AC was dissolved in 100 mL methylene chloride and stirred at 0 
o
C under nitrogen flux. Using a pressure-equalizing dropping funnel, a solution of 0.05 
mol TEA (1:1 molar ratio) in 50 mL methylene chloride was added into the AC solution 
in methylene chloride dropwise. The color turned yellow immediately upon adding TEA 
solution. The reaction proceeded for 24 h. The solution was concentrated using a rotary 
evaporator and precipitated in excessive chilled diethyl ether. The precipitate was filtered 
and dried at room temperature in vacuum. Great heat was generated by adding TEA 
directly into AC, FC, MA, or IA in a 40 mL glass vial at room temperature. The 
temperature was observed to increase 20-50 
o
C in 1 min and black or yellow smokes 
filled the glass vial.  
3.2.3 Characterizations 
    Solubility of the complexes was judged by naked eyes after 0.1 g complex was put in 5 
mL solvent at room temperature for overnight. These solvents included water, ethanol, 
dimethylsulfoxide (DMSO), methylene chloride, chloroform, tetrahydrofuran (THF), 
N,N-dimethylformamide (DMF), acetone, xylene, hexane, ethyl ether, toluene, and ethyl 
acetate. FTIR spectra were obtained on a Perkin Elmer Spectrum Spotlight 300 
spectrometer with Diamond ATR. 
1
H NMR spectra were acquired on a Varian Mercury 
300 spectrometer using deuterated DMSO (d-DMSO) solutions containing 
tetramethylsilane (TMS). 
1
H NMR (300 MHz): TEA-AC: H 5.85 (CH2=CH, s, 3H), 3.06 
(N-CH2, q, 6H), 1.20 (-CH3, t, 9H); TEA- FC: H 5.76 (CH=CH, s, 2H), 3.08 (N-CH2, q, 
6H), 1.20 (-CH3, t, 9H); TEA-MA: H 5.83, 6.09 (CH=CH, s, 2H), 2.88 (N-CH2, q, 6H), 
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1.20 (-CH3, t, 9H); IA-TEA: H 5.85 (CH2=C, s, 2H), 2.94 (N-CH2, q, 6H), 1.92 (=C-
CH2, d, 2H), 1.20 (-CH3, t, 9H). IR: TEA-AC, TEA-FC: 2977, 2951 cm
-1
 (N-H, C-H), 
2617, 2500 cm
-1
 (CN+), 1720 cm-1 (C=O), 1580 cm-1 (C=C); TEA-MA: 2984 cm-1 (N-
H, C-H), 2657, 2487 cm
-1
 (CN+), 1780, 1720 cm-1 (C=O), 1580 cm-1 (C=C); TEA-IA: 
2990, 2920 cm
-1
 (N-H, C-H), 2657, 2487 cm
-1
 (CN+), 1780, 1720 cm-1 (C=O), 1580 cm-
1
 (C=C).  
        Wide-angle x-ray diffraction (WAXD) patterns were obtained, in reflection, using 
an X'pert diffractometer and CuK radiation. Elemental microanalysis was performed by 
the Complete Analysis Laboratories, Inc. (Parsippany, NJ). UV-Vis spectra were 
obtained using a BioMate 5 UV-Vis spectrophotometer (Thermo Scientific). 
Photoluminescence excitation and emission spectra were recorded using a Perkin Elmer 
LS 55 fluorescence spectrometer equipped with a 20 kW Xenon discharge lamp. The 
excitation wavelength was 370 nm and photoluminescence emission spectra were 
recorded from 380 to 600 nm. The emission wavelength was monitored at 450 nm and 
photoluminescence excitation spectra were recorded from 250 to 420 nm. The slit width 
was 10 nm.  
3.2.4 Cytotoxicity  
Cytotoxicity evaluation was performed by harvesting HEK293 cells in a 24-well plate at 
a density of ~15,000 cells/cm
2
 in 1 mL of primary medium, which consisted of high 
glucose Dulbecco’s modified eagle medium, 10% fetal bovine serum, 1% amino acids, 
1% none-essential amino acids and 1% sodium pyruvate (Gibco, Grand Island, NY). The 
complexes were dissolved in the primary medium at the concentrations of 0.01, 0.05, 0.1, 
and 0.5 g/L and exposed to HEK293 cells for 1, 4, and 7 days. Wells seeded with 
HEK293 cells at the same density in the absence of complexes were used as positive 
controls and empty wells were used as negative controls. A colorimetric cell metabolic 
assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI) based on the MTS 
tetrazolium compound was used to evaluate the number of viable cells, which could be 
correlated to the UV absorbance at 490 nm measured on a microplate reader (SpectraMax 
Plus 384, Molecular Devices, Sunnyvale, CA). Cell viability was then calculated by 
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normalizing the absorption to the average value from the positive wells. Phase contrast 
microscopic images of the attached HEK293 cells in the 24-well plate were taken using a 
Carl Zeiss Axiovert 25 fluorescence microscope. 
 
3.3 Results and Discussion 
        

















Figure 3.1 WAXD patterns and digital images of the complexes. 
    To mimic the condition in the esterification of hydroxyl-containing polymers or 
oligomers,[1,2] TEA and unsaturated anhydrides or acyl chlorides were diluted in 
methylene chloride and TEA solution was added dropwise into the other reactant. If not 
diluted, reaction would generate great heat immediately and result in black products. For 
MA, IA, and FC, two molar ratios (1:1 and 2:1) were used to prepare complexes with 
TEA but only 2:1 is discussed here. As demonstrated in the images and WAXD patterns 
in Figure 3.1A, TEA-MA and TEA-IA complexes were black or dark red muddy 
compounds with broad diffraction peaks while TEA-FC and TEA-AC were brown or 
yellow highly crystalline powders with shared sharp diffraction peaks at 2 = 12.4, 17.6, 
21.3, 25.3, 27.8, 33.2, and 35.4
o
. The complexes demonstrated good solubility in water, 
ethanol, and DMSO while no solubility in THF, xylene, hexane, ethyl ether, toluene, or 
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ethyl acetate. TEA-FC could be partially dissolved in methylene chloride and DMF and 
weakly dissolved in acetone and chloroform, in which TEA-AC had little solubility. 
   The formation of complex between TEA and AC, FC, MA, and IA can be 
exemplified using AC in Figure 3.2. The supposed reaction between AC and ROH (R=H, 
CH3, C2H5, or polymer backbone) in the presence of TEA via the bottom two-step route 





between AC and TEA, although the final products are theoretically identical (CH2=CH-
COOR and Et3N·HCl). Suggested by earlier investigations,[17-27] a ketene intermediate 
(CH2=C=C=O) formed in situ is in equilibrium with the complex although I and some 
other researchers [20,23] were not able to detect. Unlike ,-unsaturated acid chlorides 
such as crotonoyl chloride,[17-27] no double bond shift can be proposed for AC and FC. 
The salt Et3N·HCl in Figure 3.2 itself was also prepared by directly reacting TEA with 
hydrochloride and it was white. Therefore, the colorization in the resulted polymers could 
only be attributed to the residue colored complex, which was difficult to be removed 














Figure 3.2 Proposed mechanisms for the reaction between AC and ROH in the presence 
of TEA. 
 
    As reported earlier, TEA did not form a yellow color or any product with saturated 
succinic anhydride as the color was from the interaction of electrons in TEA and the -
orbitals of both carbon-carbon double bond and carbonyl bond.[28] Meanwhile, pyridine 
was reported not to react with MA because of its lower pKa of 5.20 compared with TEA 
(pKa = 10.85) [29,30] although it can react with AC.[19] I found that TEA did not react 
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with diethyl fumarate (DEF) although DEF has both C=C and C=O bonds, suggesting 
that both conjugation and a large difference in pKa between two reactants are necessary 
for generating colored complexes.      
        The chemical structures of the complexes have been verified using FTIR and NMR 
spectra (see Experimental Section) and supported by elemental analysis. The nitrogen 
content was 7.38% and 8.38% for TEA-AC and TEA-FC, respectively. 
1
H NMR spectra 
demonstrated that all the resonances could be assigned to the protons in the complexes. 
The resonance of -CH3 group, which was at H 0.97 in TEA, shifted to lower field, 1.2 
in the complexes. The resonance of -CH2- group, which was at H 2.42 in TEA, shifted to 
lower filed, H 2.82-2.99 in the complexes. Carbon-carbon double bond (C=C) was 
indicated by the band at H 5.76-6.09 in the complexes compared with H 7.05 in FC, H 
7.10 in MA H 6.16-6.63 in AC, and H 6.90 in IA, a clear shift to higher field. The shift 
of these bands was due to the electron withdrawing effect of the positive nitrogen present 
in the complexes.[28] 




























Figure 3.3 UV-vis spectra of the dilute solutions (4×10
-3
 g/L) of the complexes in DMSO 
(solid curves) and ethanol (dotted curves). 
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        UV-vis spectra of the dilute solutions (4×10
-3
 g/L) of the complexes in an inert 
solvent DMSO in Figure 3.3 indicate a dominant broad absorption band centered at 260-
300 nm, which is characteristic of charge-transfer transitions associated with intra-
molecular donor-acceptor complexes. Consistent with an earlier report on TEA-MA,[28] 
all the complexes had shoulder peaks at longer wavelengths, suggesting the presence of 
extended conjugated system. In contrast, UV spectra of these complexes in ethanol 
(Figure 3.3) or water (see Supporting Information) showed a characteristic sharp peak at 
~210 nm of the carbon-carbon double bond with no TEA attached, confirming the 
mixture of CH2=CH-COOC2H5 or CH2=CH-COOH and Et3N·HCl resulted from 
alcoholysis or hydrolysis (Figure 3.2). Compared with the resolved emission spectra of 
TEA in the gas phase excited at 206.2 nm,[30,31] broad, featureless photoluminescence 
emission spectra (see Supporting Information) of the dilute solutions in DMSO in the 
wavelength range of 400-550 nm demonstrated the existence of complexes, in agreement 
with the emission spectra of TEA-naphthalene complexes.[32]    
        I synthesized PCLF530 and PCL triacrylates (PCLTA300 and 900) using TEA or 
K2CO3 from PCL diol and triol precursors with nominal molecular weights of 530, 300, 
and 900 g/mol.[33] The content of nitrogen was measured to be 0.19%, 0.86%, and 
2.35% for PCLF, PCLTA300 and 900 synthesized using TEA, respectively. Consistently, 
a noticeable nitrogen content of ~0.11% was also reported for PCLF530 by Sharifi et 
al.[34] In contrast, nitrogen was not detectable (<0.02%) in the polymers synthesized 
using K2CO3. This new proton scavenger has also been applied in synthesizing PEG 
diacrylates (PEGDAs) to avoid colorization or contamination of the complexes. The 
synthesis method using K2CO3 also simplified the purification step as inorganic particles 
could be easily removed completely from organic solution through centrifugation or 
filtration. No detectable solubility of K2CO3 was found in methylene chloride. These 
crosslinkable polymers based on oligomeric PCL and PEG precursors are transparent in 
solutions and more efficient in photo-crosslinking.[7,35,36] In the preparation of this 
manuscript, I noticed that propylene oxide was also used as a proton scavenger to 
synthesize white PCLFs with a negligible nitrogen content of 0.012%.[34]  





































Figure 3.4 (A) Viability of HEK293 cells in the culture medium with the complexes at 
0.01, 0.05, 0.1, 0.5 g/L for 1, 4, 7 days. (B) Phase contrast images of the cells cultured 
with the complexes at 0.01, 0.05, 0.1, and 0.5 g/L for 7 days. The scale bar at the right 
bottom corner is 100 m and is applicable for the images except the image of a positive 
(+) control well that contained no complex at the left bottom corner, in which the scale 
bar represents 200 m. 
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    Figure 3.4A shows the viability of HEK293 cells cultured in the primary media with 
four concentrations of complexes (0.01, 0.05, 0.1, and 0.5 g/L) 1, 4, and 7 days post 
seeding. Cell viability decreased dramatically with increasing the concentration of 
complex, particularly TEA-AC. At a fixed concentration, cell viability continues to drop 
over time although cell proliferation (see Supporting Information) could be found except 
TEA-AC and TEA-FC at 0.5 g/L, in which cell proliferation was completely prohibited. 
Correspondingly, phase contrast microscopic images at day 7 (Figure 3.4B) demonstrated 
attached HEK293 cells with spread-out phenotype when the concentration was 0.05 g/L 
or lower, while cells tended to be round and less attached cells could be seen at higher 
concentrations of the complex. The cell viability results clearly indicated that all these 
complexes were cytotoxic and their existence in polymers and/or degraded products 
should be avoided. Based on the contents of nitrogen in the complexes and polymers 
synthesized with TEA, the concentration of complex in the polymers was estimated to be 
0.02-0.3 wt%. Although no investigation has been performed to determine the 
concentration of complex released from the polymer disk to the culture medium in cell 
studies, this concern should not be ignored considering that cell viability can be reduced 
by 10-20% even at a very low concentration of complex (0.01 g/L). PEGDA or other 
crosslinkable polymers for preparing hydrogels [1,3] may suffer less from the colored 
complexes because the required polymer concentration in hydrogels is lower than their 
hydrophobic counterparts and purification steps can remove water-soluble complexes at 
least partially.  
 
3.4 Conclusion 
        In summary, TEA formed water-soluble, colored complexes with unsaturated 
anhydrides or acyl chlorides. Although the final products were identical theoretically, the 
complexation competed with the esterification of hydroxyl-containing polymers and 
resulted in colorization of the products. Furthermore, the complexes demonstrated 
cytotoxicity at concentrations as low as 0.01 g/L in culture medium for HEK293 cells. 
  69 
Inorganic weak bases such as K2CO3 are recommended to replace TEA in such 
esterification to avoid colorization and simplify the reaction and purification.  
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CHAPTER IV  
PARABOLIC DEPENDENCE OF MATERIAL PROPERTIES AND 
CELL BEHAVIOR ON THE COMPOSITION OF POLYMER 




    Cell-material interactions are essential to the tissue engineering applications of 
biomaterials [1-3]. In the past several decades, pioneer scientists have achieved great 
understanding on the roles of biomaterials’ surface physicochemical characteristics in 
determining cell behavior [1-3]. These factors can be divided into three major categories: 
surface chemistry such as hydrophilicity, charge characteristics and density, surface 
morphology, and surface mechanical properties [1-3]. Surface physicochemical 
characteristics are correlated together to influence cell behavior. Since Pelham and Wang 
reported that surface stiffness of polymer substrate could play a critical role in 
determining cell phenotype and proliferation [4,5], many investigations have been 
performed on numerous polymeric biomaterials with varied mechanical properties, 
particularly hydrogels coated with adhesive proteins [6-9]. Although the majority of all 
existing polymers are hydrophobic and many of them have been applied in clinical 
applications, less attention has been paid to how their surface stiffness influences cell 
behavior except a few hydrophobic polymer networks [10-15]. The lack of extensive 
investigations on this topic may be due to no appropriate, wide range of mechanical 
properties of hydrophobic polymer systems to demonstrate the dependence of cell 
behavior.         
In this chapter, I used model blend systems composed of amorphous poly(propylene 
fumarate) (PPF) and three semi-crystalline poly(-caprolactone) diacrylates (PCLDAs), 
all of which were photo-crosslinkable and hydrophobic [15-23]. As demonstrated in 
Figure 4.1, PPF is a bone-tissue-engineering biomaterial designed to be injectable and 
able to harden in situ in bone defects by thermal or UV initiation [16-23]. Having a high 
crosslinking density, crosslinked PPF is often stiff [12,16-23]. Used as another 
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component in the present blends, PCLDAs (Figure 4.1) were synthesized via a facile 
condensation method and employed as model polymers to demonstrate the role of 
crystallite-strengthened mechanical properties in enhancing cell attachment and 
proliferation [15]. Previously, Wang et al. have applied hybrid polymer networks 
composed of PPF and PCL fumarate (PCLF) to modulate material mechanical properties 
and consequently the cell responses to the networks using rat bone marrow stromal cells 
(BMSCs) and Schwann cell precursor line (SpL201) cells [12]. Meanwhile, a series of 
multi-block copolymer PPF-co-PCL consisting of PPF and PCL blocks with controllable 
lengths and compositions has been synthesized and crosslinked into 2D substrates and 3D 
scaffolds with tunable physicochemical properties for satisfying the needs in bone and 
peripheral nerve tissue repair [24,25]. In these two studies [12,25], the composition range 
for forming crystalline networks at 37 
o
C was either absent or limited. Consequently, only 
monotonous composition dependence was found for the thermal and mechanical 
properties of crosslinked PPF/PCLF blends and PPF-co-PCL copolymers [12,25]. Our 
goal in this study is to reveal how crystalline structure and crosslinking density can be 
applied to modulate both bulk and surface properties of polymer networks collectively 



















Figure 4.1 Chemical structures of PPF and PCLDA. 
 
    As crystallinity increases with the molecular weight of PCL diol precursor, PCLDAs or 
PCLFs prepared from these PCL diols also demonstrate different crystallinities and 
melting points [13-15,26-28]. When the nominal molecular weight of PCL diol is as low 
as 530 g.mol
-1
, the crystallinity of PCLDA or PCLF diminishes at room temperature after 
crosslinking [12-15,27,28]. For another two nominal molecular weights of PCL diols, 
1250 and 2000 g.mol
-1
, crosslinked PCLDAs or PCLFs are still crystalline at room 
temperature or even body temperature [12-15,27,28]. As indicated by the chemical 
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structures in Figure 4.1, the number and density of crosslinkable segments in one PPF 
chain are much higher than in PCLDA. Consequently, the mesh size of polymer network 
can be modulated by crosslinking PPF/PCLDA blends with different compositions. 
Because crosslinks can suppress the crystallinity of polymer networks [27,29,30], 
crystallinity will work with crosslinking density in modulating the mechanical properties 
of PPF/PCLDA1250 or 2000 networks in a parabolic means instead of showing 
monotonous composition dependence for PPF/PCLDA530 networks. Such non-linear 
dependence of material properties on polymer composition is well known in poly(lactic-
co-glycolic acid) (PLGA) copolymers with different compositions of poly(lactic acid) 
(PLA) and poly(glycolic acid) (PGA) because of varied crystallinity [31]. Cell behavior 
also demonstrates non-linear dependence on substrate composition in numerous systems 
although materials properties such as wettability, surface compliance, and adhesive-
ligand density can vary progressively with composition [1,3,19,32-35]. 
    Tissue engineering requires non-cytotoxic and biodegradable polymeric materials with 
biocompatibility, feasibility of fabrication, and controllability of mechanical properties to 
satisfy clinical needs ranging from hard tissue replacement to soft tissue replacement. 
Meanwhile, diverse applications also require polymer materials to possess different 
surface physicochemical properties to induce distinct cell/tissue responses. Therefore, the 
goal of this study is not only to modulate materials properties using photo-crosslinkable 
polymer systems but also to investigate how these controllable material characteristics 
can be used to regulate cell behavior. Among three crosslinked PCLDAs, PCLDA2000 
with the highest crystallinity and melting point was found to favor cell attachment and 
proliferation most [15]. Our hypothesis was that cell behavior should not be linear with 
the network composition as the modulated mechanical properties would demonstrate a 
minimum when the crosslinking density was just sufficient to suppress the crystallinity. 
As different applications require different cell attachment, proliferation, and 
differentiation, it is of importance to demonstrate how this non-linear or parabolic 
dependence of both materials properties and cell behavior on polymer composition can be 
achieved via controlling crystallinity and crosslinking density simultaneously.    
    In this chapter, I first present the materials properties including bulk and surface 
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characteristics of uncrosslinked and crosslinked PPF/PCLDA blends as well as the pure 
components and the correlation between them. Then I demonstrate the materials’ 
potentials in hard and soft tissue replacements exemplified by bone and nerve 
regeneration, using both mouse pre-osteoblastic MC3T3-E1 cells and rat SpL201 cells to 
evaluate cell toxicity, attachment, spreading, and proliferation. Finally, I emphasize on 
parabolic dependence of cell behavior on the composition of PPF/PCLDA networks. 
 
4.2 Materials and methods 
4.2.1 Materials 
    PPF and PCLDAs were synthesized using the methods described previously [15-19,24]. 
Briefly, PPF with a weight-average molecular weight (Mw) of 3410 g/mol and a number-
average molecular weight (Mn) of 1820 g/mol was synthesized using a two-step 
polycondensation between diethyl fumarate and 1,2-propane diol in the presence of 
crosslinking inhibitor hydroquinone and catalyst ZnCl2. Acrylation of PCL diols (Sigma-
Aldrich, Milwaukee, WI) having different nominal molecular weights of 530, 1250, and 
2000 g/mol was performed with acryloyl chloride in the presence of potassium carbonate 
[15,36]. The resulted PCLDA530, 1250, and 2000 had Mn of 1120, 2990, 3510 g.mol
-1
 
and Mw of 1390, 4150, 5150 g.mol
-1
, respectively [15]. All other chemicals were 
purchased from Aldrich unless otherwise noted. PPF/PCLDA blends were prepared by 
dissolving PPF and PCLDA at different ratios in a co-solvent methylene chloride and 
then dried completely in a vacuum oven for physical characterizations.  
4.2.2 Photo-crosslinking 
    Photo-initiator, phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, 
IRGACURE 819
TM
) used in this study was a gift from Ciba Specialty Chemicals 
(Tarrytown, NY). Before crosslinking, pre-dissolved solution of 1.5 g PPF/PCLDA in 
500 L CH2Cl2 was mixed with 75 L of BAPO/CH2Cl2 (300 mg/1.5 mL) solution. 
Homogeneous PPF/PCLDA/BAPO/CH2Cl2 mixture was transferred into a mold 
consisting of two glass plates (2.1 mm, thickness) and a Teflon spacer (0.37 mm, 
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thickness) or a Silicon spacer (1.0 mm, thickness). The filled mold was placed under a 
high-intensity long-wave UV lamp (Spectroline, SB-100P, Intensity: 4800 uw/cm
2
, 
Wavelength: 315-380 nm) for 20 min with a distance of ~7 cm from the lamp head. 
Crosslinked PPF/PCLDA sheets or disks were removed from the mold after cooled down 
to room temperature and then dried in a vacuum oven. The swelling ratio and gel fraction 
of crosslinked PPF/PCLDA samples were measured using the methods described 
previously [12,15]. For other physical characterizations and cell studies, crosslinked 
samples were soaked in acetone for two days and dried completely in vacuum. 
4.2.3 Characterizations of bulk properties 
    Fourier transform infra-red (FTIR) spectra were obtained on a Perkin Elmer Spectrum 
Spotlight 300 spectrometer with Diamond Attenuated Total Reflectance (ATR). 
Differential Scanning Calorimetry (DSC) measurements were performed on a Perkin 
Elmer Diamond differential scanning calorimeter in a nitrogen atmosphere. The samples 
were first heated from room temperature to 100 
o
C and cooled to –90 oC at 5 oC/min. 
Then a subsequent heating run was performed from –90 to 100 oC at 10 oC/min. 
Thermogravimetric Analysis (TGA) was performed on a TA Q50 thermal analyst in 
flowing nitrogen at a heating rate of 20 
o
C/min. 
    Viscosities of uncrosslinked samples were measured using a strain-controlled 
rheometer (RDS-2, Rheometric Scientific) at temperatures ranging from 40 to 120 
o
C. A 
small strain (< 0.20), a parallel-plate flow cell with a diameter of 25 mm, and a gap of 
~0.5 mm were used in measurements. Shear modulus (or storage modulus G') and 
torsional modulus of crosslinked PPF/PCLDA blends were measured with a small strain 
of 1% in the frequency range of 0.1-100 rad/s at 37 
o
C on the same rheometer, using 
polymer disks (8 × 0.37 mm) and strips (~40 × ~8 × ~1.5 mm, length × width × 
thickness), respectively. Tensile and compressive properties of crosslinked specimens at 
37 
o
C were implemented by a dynamic mechanical analyzer (DMTA-5, Rheometric 
Scientific). Polymer strips (~30 × ~1.5 × ~0.3 mm, length × width × thickness) or disks 
(~2.5 × ~1.0 mm, diameter × thickness) were elongated or compressed at a strain rate of 
0.001 s
-1
. At least five specimens for each sample were measured and averaged.  
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4.2.4 Characterizations of surface properties 
    Surface morphology of crosslinked disks was characterized using a multimode atomic 
force microscopy (AFM) with a Nanoscope V control system (Veeco Instruments, Santa 
Barbara, CA). Tapping-mode images were acquired at room temperature with a scan size 
of 20 × 20 m at a scan rate of 0.5 Hz. Topography of the surfaces was recorded 
simultaneously with a standard silicon tapping tip on a beam cantilever and the root mean 
square (RMS) roughness was calculated from height images. A Ramé-Hart NRC C. A. 
goniometer (Model 100-00-230, Mountain Lakes, NJ) was used to measure the contact 
angle of water on crosslinked disks. Approximately 1 L of distilled water (pH = 7.0) 
was injected onto the disk surface and the measurement was performed after an 
equilibrium time of 30 s. A tangent method was used to calculate the contact angle in 
degrees. For each sample, three disks were used and six data points were taken for 
calculating average and standard deviation. As described previously [12,13,37], in protein 
adsorption measurement, pre-wetted crosslinked disks (8 × 0.8 mm, diameter × thickness) 
were immersed in MC3T3-E1 cell culture medium for 4 h at 37 
o
C. The disks were 
washed first using PBS and then 1% sodium dodecyl sulfate (SDS) solution. The 
concentrations of protein in the collected SDS solutions were determined on a microplate 
reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA) using a MicroBCA 
protein assay kit (Pierce, Rockford, IL) with the solutions of albumin in SDS for 
constructing a standard curve. 
4.2.5 In vitro cytotoxicity 
    Cell studies were performed using mouse MC3T3-E1 cells (CRL-2593, ATCC, 
Manassas, VA) and rat SpL201 cells (a kind gift from Dr. A. J. Windebank at Mayo 
Clinic, Rochester, MN). Culture of both cell types was described previously [15]. Prior to 
cell studies, crosslinked polymer disks were sterilized in 70% ethanol solution for 12 h 
and dried completely in vacuum. The cytotoxicity evaluation proceeded by harvesting 
MC3T3-E1 or SpL201 cells in 24-well plates at a density of ~15,000 cells per cm
2
 in 1 
mL of primary medium in the presence of one sterile polymer disk (5 × 0.8 mm, diameter 
× thickness). Sterile polymer disks, placed in the trans-wells, were immersed in the 
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culture medium and exposed to MC3T3-E1 or SpL201 cells for 4 and 7 days, respectively. 
Wells seeded with cells at the same density without exposure to polymer disks were used 
as positive controls and empty wells were used as negative controls. A colorimetric cell 
metabolic assay (CellTiter 96 Aqueous One Solution, Promega, Madison, WI) based on 
the MTS tetrazolium compound was performed. The number of viable cells was 
correlated to the UV absorbance at 490 nm that was measured on a microplate reader. 
Cell viability was then evaluated by normalizing the absorption values to the average 
value from the positive wells. 
4.2.6 Cell attachment, spreading, and proliferation 
    MC3T3-E1 and SpL201 cell attachment was examined at 4 h post seeding. Cell 
proliferation was examined at day 4 and day 7 for MC3T3-E1 and SpL201 cells, 
respectively. The details can be found in our earlier reports [15]. Briefly, cells were 
seeded at ~15,000 cells per cm
2 
onto the sterile crosslinked PPF/PCLDA disks attached 
on the bottom of 48-well tissue culture plates using autoclave-sterilized inert silicon-
based high-temperature vacuum grease (Dow Corning, Midland, MI). Attached cells were 
fixed in 16% paraformaldehyde (PFA) solution and permeabilised with 0.2% Triton X-
100 after cultured in a humidified atmosphere of 5% CO2 at 37
 
°C for 4 h, 1, 2, 4 days for 
MC3T3-E1 cells and 4 h, 1, 4, and 7 days for SpL201 cells. MTS assay was used to 
evaluate cell numbers at different time points. Then the cells were stained using 
rhodamine-phalloidin for 1 h at 37 
o
C for photographing using an Axiovert 25 light 
microscope (Carl Zeiss, Germany). Cell area was determined and averaged on 20 non-
overlapping cells at 4 h post seeding using ImageJ software (National Institutes of Health, 
Bethesda, MD) for characterizing cell spreading.  
4.2.7 Statistical analysis 
    Student’s t-test was performed to assess the statistical significance (p < 0.05) of the 
differences between results. 
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4.3 Results and discussion 
4.3.1 Characterizations of uncrosslinked PPF/PCLDA blends 
FTIR spectra clearly showed that both uncrosslinked and crosslinked PPF/PCLDA 
blends had combined characteristics of both PPF and PCLDA. The intensities of typical 
absorption peaks such as carbon-carbon double bonds at 1635 cm
-1
 and –CH2– at 2950 
cm
-1
 demonstrated the dependence on the PCLDA composition (PCLDA). After photo-
crosslinking, the absorption peaks at 1635 cm
-1
 became less prominent but still existed, 
indicating that the double bonds were not completely consumed.  









































Figure 4.2 DSC curves of uncrosslinked PPF, PCLDAs, and PPF/PCLDA blends. 
 
As shown in Figure 4.2, DSC curves in the heating run demonstrated a gradual change 
in thermal properties from amorphous PPF to semi-crystalline PCLDA. The single broad 
glass transitions for all the blends implied good miscibility between PPF and PCLDA. 
The melting peaks shifted to lower temperatures by adding PPF into PCLDA and the heat 
  80 
of fusion (Hm) that represented the area of the melting peak decreased sharply with the 
composition of PPF before it diminished at varied compositions for different PCLDAs, 
indicating a significant decrease in the apparent crystallinity for the blends. The 
crystallinity c for PCL moiety in the blends was calculated from their Hm values using 













  with the known cmH  value of 135 J/g for 
completely crystalline PCL [38], and the PCL composition (PCL) in the blend, i.e. 
PCLDA×Mn,PCL/Mn,PCLDA [15]. For PCLDA530 with the lowest c and Tm among these 
three PCLDAs, its blends with PPF were already amorphous at PCLDA of 20% and 40%. 
In contrast, the blends using PCLDA1250 and 2000 with higher crystallinities of 52.9% 
and 56.9% still had crystallinities of 10.0% and 31.8% in the PCL moiety at PCLDA of 
20%, respectively.  







































Figure 4.3 Temperature dependence of the zero-shear viscosity of uncrosslinked PPF, 
PCLDAs and PPF/PCLDA blends. 
 
    As PPF, PCLDAs, and their blends are all crosslinkable, they can injected and 
hardened in situ to fill bone defects. In order to be injectable, material viscosity should be 
sufficiently low at the operation temperature. Many scaffold fabrication methods such as 
stereolithography also require a suitable viscosity of lower than 10 Pa.s for polymer 
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processing [20,21]. Zero-shear viscosities of PPF, PCLDAs, and their blends at 
temperatures between 40 and 120 
o
C were obtained from the Newtonian region where 
viscosity was independent of frequency. Figure 4.3 shows the temperature dependence of 
zero-shear viscosity. Pure PCLDAs had weaker temperature dependence compared with 
PPF because of their much lower Tg (~-60 
o
C) and higher chain flexibility. This 
temperature dependence increased progressively with the composition of PPF. The 
viscosities of PCLDA at all temperatures increased with its molecular weight. For 
PPF/PCLDA530 blends, the temperature dependence of viscosity was stronger than the 
other blends at all compositions.  
4.3.2 Bulk characteristics of crosslinked PPF/PCLDA blends 
Transparent solutions of PPF, PCLDAs, and their blends in methylene chloride 
ensured efficient photo-crosslinking at all compositions. Crosslinked PCLDA530 had a 
higher gel fraction of 87.9 ± 0.7% than crosslinked PCLDA1250 (81.6 ± 1.7%) and 2000 
(69.4 ± 1.0%) did because of more efficient acrylation and a higher density of 
crosslinking [15]. After adding PPF into PCLDA530 and 1250, the gel fraction of photo-
crosslinked polymer disks increased significantly to exceed 90% because PPF had a 
higher density of crosslinkable segments to form a gradually denser network. When the 
composition of PPF was 80%, all crosslinked PPF/PCLDA blends similar gel fractions as 
high as ~95%. Due to the decrease in crosslinking density, the swelling ratio of 
PPF/PCLDA network in methylene chloride at room temperature increased progressively 
with PCLDA from 1.05 ± 0.03 for crosslinked PPF to 2.2 ± 0.01, 5.6 ± 0.1, and 10.6 ± 0.11 
for crosslinked PCLDA530, 1250, and 2000, respectively. 
Table 4.1 Thermal properties of crystalline PCLDA and PPF/PCLDA networks 
 Tm (
oC) Hm (J/g) c (%) 
PCLDA2000 39.2 44.5 34.0 
PPF/PCLDA2000 (PCLDA = 90%) 38.2 31.7 26.9 
PPF/PCLDA2000 (PCLDA = 80%) 37.4 27.3 26.1 
PPF/PCLDA2000 (PCLDA = 70%) 34.0 1.08 1.2 
PCLDA1250 34.8 39.6 30.3 
PPF/PCLDA1250 (PCLDA = 95%) 32.8 32.3 26.0 
PPF/PCLDA1250 (PCLDA = 90%) 28.3 27.7 23.5 
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Figure 4.4 DSC curves of crosslinked PPF, PCLDAs, and PPF/PCLDA blends. The 




Crystallinity decreased abruptly when semi-crystalline PCLDA were mixed and 
crosslinked with amorphous PPF chains. As demonstrated in Figure 4.4a, no melting 
peaks were found in the DSC curves of crosslinked PPF/PCLDA530 blends at all 
compositions, indicating their amorphous characteristics, in agreement with photo-
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crosslinked PPF/PCLF530 blends [12]. For PCLDA1250 and 2000, crystallinity was still 
demonstrated in crosslinked PCLDAs and blends with PPF (Figures 4.4b and 4c) when 
PCLDA was above 90% and 70%, respectively. As listed in Table 4.1, Hm and c of PCL 
moiety decreased from 44.5 J/g and 34.0% for crosslinked PCLDA2000 to 1.08 J/g and 
1.2% for crosslinked PPF/PCLDA2000 (PCLDA = 70%). In contrast, the melting peak of 
crosslinked PPF/PCLDA1250 disappeared at a higher PCLDA that was between 80% and 
90%.    
The glass transition temperature (Tg), melting temperature (Tm), and the onset 
temperature for thermal degradation (Td) of both uncrosslinked and crosslinked 
PPF/PCLDA blends were plotted against PCLDA in Figure 4.5. Tm dropped by ~10 
o
C 
after crosslinking because the crystalline domains were interfered and suppressed by the 
crosslinks. It is interesting to note that Tm only decreased by a few degrees with adding 
more PPF chains before it was no longer detectable. Glass transition became broader with 
increasing the PPF composition and Tg increased after crosslinking as the result of more 
restrictions for chain segmental motions by the crosslinks. No discernible glass transition 
was found when the PPF composition was higher than 60% because segmental motions 
were mostly prohibited by the high-density crosslinks. From thermogravimetric analysis 
(TGA), both uncrosslinked and crosslinked PPF/PCLDA blends demonstrated 
composition-dependent thermograms and Td. Consistent with PPF/PCLF530 blends [12], 
PPF had a lower Td and more residue at 600 
o
C than PCLDA and crosslinked 
PPF/PCLDA had a higher Td than its uncrosslinked counterpart.   
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Figure 4.5 Phase diagram for both uncrosslinked (open symbols) and crosslinked (solid 
symbols) PPF, PCLDAs, and PPF/PCLDA blends. 
 
Tensile moduli or Young’s moduli (E) of crosslinked PPF, PCLDAs and PPF/PCLDA 
blends at 37 
o
C are plotted in Figure 4.6. Their mechanical properties were controlled by 
both crystallinity and crosslinking density because tensile strength could be enhanced by 
either crystalline domains or crosslinks, as demonstrated using three schematic networks 
in Figure 4.7. Crosslinked PPF/PCLDA530 blends were all amorphous and therefore 
crosslinking density played a dominant role in determining mechanical properties, as 
revealed in the equation of E = 3RT/Mc, where  is the polymer density, R is gas 
constant, T is the absolute temperature in K, and Mc is the average molecular weight 
between two neighboring crosslinks in a polymer network [39,40]. The densities of the 
blends can be calculated based on the values of 1.29 and 1.07 g/cm
3
 for PPF and PCL, 
respectively [12,24]. Crosslinking density nc can be also deduced from the density of 
polymer network and Mc as /Mc [39,40].  




































A drastic change was found in tensile modulus and stress at break with increasing the 
PPF composition, from 5.97 ± 0.60 MPa and 1.70 ± 0.26 MPa for crosslinked 
PCLDA530 to 1.44 ± 0.08 GPa and 27.2 ± 1.8 MPa for crosslinked PPF. For amorphous 
PPF/PCLDA networks, Mc increased from 1385 g.mol
-1
 for crosslinked PCLDA530, 
which was exactly identical to the Mw of PCLDA530, to 138 g.mol
-1
 for crosslinked 
PPF/PCLDA530 (PCLDA = 60%), while nc increased from 773 to 8394 mol.m
-3
. 
Amorphous crosslinked PPF/PCLDA1250 and 2000 blends also demonstrated the same 
trend, despite of the lower values for higher PCL precursor molecular weights because of 
their lower crosslinking densities. When PCLDA was 60%, Mc increased from 138 g.mol
-1
 
for crosslinked PPF/PCLDA530 to 174 and 318 g.mol
-1
 for crosslinked PPF/PCLDA1250 
and 2000, respectively. It indicated that PPF/PCLDA network was denser at the same 
weight composition when PCLDA was shorter because there were more chains with 
better reactivity to participate in crosslinking and the distance between two neighboring 
crosslinks could be smaller. 
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PCLDA in crosslinked PPF/PCLDA




Figure 4.7 Schematic changes in crosslinked PPF/PCLDA blends as the composition of 
PCLDA increases. Solid and dotted curves denote polymer chains in a chemical network 
and physical associations formed by crystalline domains, respectively. Two components 
of PPF and PCLDA are not differentiated from each other in the schematic chemical 
networks. 
 
    In contrast, the composition dependence of tensile modulus was parabolic for 
crosslinked PPF/PCLDA1250 and 2000 blends. As revealed in their thermal properties, 
when the composition of PCLDA1250 or 2000 in the crosslinked blends was sufficiently 
high, crystalline domains in the chemical network served as physical fillers or 
associations (Figure 4.7c). When the PPF composition was high, a denser polymer 
network demonstrated in Figure 4.7a was expected. Both scenarios resulted in higher 
tensile moduli compared with amorphous, loosely connected network in Figure 4.7b. 
Therefore, for crosslinked PPF/PCLDA2000 and 1250 blends, a minimum tensile 
modulus appeared in middle compositions where the crosslinked samples were 
amorphous with a relatively low crosslinking density. Because PCLDA2000 had a higher 
Tm and crystallinity than PCLDA1250, the range for showing crystalline characteristics 
was broader for crosslinked PPF/PCLDA2000 blends and the minimum occurred at a 
lower PCLDA of ~70%, compared to the value of ~80% for crosslinked PPF/PCLDA1250.  
Once crosslinked PPF/PCLDA1250 or 2000 became crystalline, tensile modulus and 
stress at break increased from the valley values of 7.6 ± 1.0 and 1.4 ± 0.2 MPa for 
crosslinked PPF/PCLDA1250 (PCLDA = 80%) to 21.5 ± 5.0 and 1.6 ± 0.4 MPa for 
crosslinked PCLDA1250. Meanwhile, these two parameters increased from 13.7 ± 3.3 
and 0.8 ± 0.1 MPa crosslinked PPF/PCLDA2000 (PCLDA = 70%) to 70.0 ± 31.1 and 3.6 ± 
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1.4 MPa for crosslinked PCLDA2000. Though an evident minimum was found in both 
modulus and strength at break, strain at break in general increased with PCLDA with large 
error bars for all these series of crosslinked PPF/PCLDA. The strain at break was 
between 2.7% to 22% in crosslinked PPF/PCLDA1250 blends. It was larger than the 
values of another two series by an order of 2 when PCLDA was higher than 30% because 
the network became more elastomeric when PCL spacers loosened the network while the 
crystallinity and the sol fraction were not as high as in crosslinked PPF/PCLDA2000 to 
cause higher fragility and more defects. The tensile moduli of these PPF/PCLDA 
networks at 25 
o
C demonstrated similar trends but higher values.  
 
Table 4.2 Torsional, compression and shear moduli for crosslinked PPF, PCLDAs, and 
PPF/PCLDA blends at 37 
o
C. 
PCLDA Torsional Modulus (MPa) Shear Modulus (MPa) Compression Modulus (MPa) 
2000 1250 530 2000 1250 530 2000 1250 530 
100% 10.78 8.52 6.64 9.23 1.34 0.98 49.3 5.9 14.5 2.2 6.38 0.63 
80% 2.57 3.75 12.2 0.93 1.12 3.42 6.27 1.06 7.80 1.45 11.9 2.1 
60% 7.23 7.52 16.6 3.08 3.82 5.77 17.0 2.5 21.5 1.4 29.1 4.1 
40% 19.8 18.5 52.2    34.3 3.3 40.2 3.8 47.1 5.5 
20% 56.8 75.9 225    58.4 5.1 69.5 4.3 85.1 4.9 
0%  756     137 10   
 
 
The tensile properties of crosslinked PPF/PCLDA blends with PPF compositions 
higher than 50% were comparable to those of cancellous bone (50 MPa-0.5 GPa for 
tensile modulus, 10-20 MPa for strength at break, and 5-7% for strain at break) while the 
tensile modulus and stress at break were still much lower than those of cortical bone (14-
20 GPa and 50-150 MPa, respectively) [41]. The tensile properties of crosslinked 
PPF/PCLDA1250 blends with PCLDA1250 of ~80% were comparable to those of fresh 
transected and coapted adult rat sciatic nerve (4 MPa for tensile modulus, 0.78 MPa for 
stress at break, and 30% for strain at break) [42]. It confirms the controllability of 
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crosslinked PPF/PCLDA blends can give a wide range of biomaterials for both hard-
tissue and soft-tissue repair. 
    As shown in Table 4.2, torsional, shear, and compression moduli were also measured 
on the crosslinked samples at 37 
o
C. Limited by their rigidity, no shear measurements 
were carried out on the samples with PCLDA lower than 60%. Similar to tensile modulus, 
a minimum was also found in these mechanical properties at PCLDA of 80% for 
crosslinked PPF/PCLDA1250 and 2000 while a continuous decrease was observed in 
crosslinked PPF/PCLDA530 with PCLDA. 
4.3.3 Surface characteristics of crosslinked PPF/PCLDA blends 














Figure 4.8 AFM images of crosslinked PPF, PCLDAs, and PPF/PCLDA blends. 
 
   Surface characteristics are critical in determining cell-material interactions. Surface 
chemistry such as hydrophilicity and the capability of adsorbing proteins, and surface 
morphology have been examined on crosslinked PPF/PCLDA disks. As demonstrated in 
the AFM images in Figure 4.8, the RMS roughness was as low as 8.6 and 36.8 nm for 
amorphous crosslinked PCLDA530 and PPF, respectively. Amorphous crosslinked 
PPF/PCLDAs showed similar smooth surfaces. The RMS roughness increased to 77.5, 
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244.4, and 260.9 nm for crystalline crosslinked PPF/PCLDA2000 blends with PCLDA of 
70%, 90%, and 100%, respectively. For crystalline crosslinked PPF/PCLDA1250 blends 
withPCLDA of 80%, 90%, and 100%, the RMS roughness also increased to 60.6, 213.5, 
and 234.4 nm, respectively. The rougher surfaces of the crystalline disks were generated 
by surface reorganization during crystallization from the swollen state in acetone and 
surface erosion because disks with lower compositions of PPF had smaller gel fractions 






















































































Figure 4.9 Protein adsorption (a) and the contact angle of water (b) on crosslinked PPF, 
PCLDAs, and PPF/PCLDA blends. *, p < 0.05 between any two samples at the same 
composition. +, p < 0.05 between any two samples from the same series. 
 
    As indicated in Figure 4.9a, the capability of adsorbing proteins from cell culture 
medium increased significantly with increasing PCLDA in all these crosslinked 
PCLDA/PPF blends, in agreement with the trend found on crosslinked PPF/PCLF530 
disks [13]. Also consistent with crosslinked PCLFs [13], crosslinked PCLDA1250 
demonstrated a higher capability of adsorbing proteins than crosslinked PCLDA530, 
which was in turn higher than crosslinked PCLDA2000. The contact angles of water on 
the surfaces of crosslinked PPF, PCLDAs, and PPF/PCLDA blends are shown in Figure 
4.9b. Crosslinked PPF disks demonstrated high hydrophobicity with a water contact 
angle of 87
o
, similar to the reported value of ~90
o
 [12]. Crosslinked PCLDA disks had 
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different water contact angles because of their distinct crystallinities. For amorphous 
disks of crosslinked PCLDA530, they had a fairly low value of 58.9
o
 while the more 





, respectively. Like mechanical properties, hydrophobicity decreased continuously 
with increasing PCLDA for crosslinked PPF/PCLDA530 while demonstrated a minimum 
for crosslinked PPF/PCLDA1250 and 2000 at the compositions when the blend started to 
show crystallinity. At 37 
o
C, the water contact angle on crosslinked PCLDA2000 only 
weakly decreased to 74.4
o
.   
4.3.4 Cell responses to crosslinked PPF/PCLDA blends 
As I aimed for bone and nerve tissue-engineering applications, both mouse MC3T3-E1 
and rat SpL201 cells were used to evaluate the cytotoxicity and cell responses to 
crosslinked PPF, PCLDAs, and PPF/PCLDA blends. Like crosslinked PPF and 
PPF/PCLF blends [12], no detectable degradation was found in the duration of cell 
studies performed here, i.e. one week. Both mouse MC3T3-E1 and rat SpL201 cells 
demonstrated viability of ~100% without significant difference among all the samples 
when cultured with exposure to sterile disks of crosslinked samples for 1, 2, and 4 days, 
and 1, 4, and 7 days, respectively. The results indicated that photo-crosslinked PPF, 
PCLDAs, and PPF/PCLDA blends exhibited excellent compatibility to both cell types 
and did not contain any leachable toxic molecules in one week.  
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Figure 4.10 Normalized MC3T3-E1 and SpL201 cell attachment 4 h post seeding on 
crosslinked PPF, PCLDAs, and PPF/PCLDA blends compared to cell-seeded TCPS as 
positive (+) control. *, p < 0.05 compared to PCLDAs and PPF/PCLDAs for both 
MC3T3-E1 cells and SpL201 cells. +, p < 0.05 between two marked samples for MC3T3-
E1 cells. #, p < 0.05 between two marked samples for SpL201 cells. 
 
    Normalized MC3T3-E1 and SpL201 cell attachment on the disks of crosslinked PPF, 
PCLDAs, and PPF/PCLDA blends at 4 h post seeding is shown in Figure 4.10. For 
amorphous disks of crosslinked PPF/PCLDA530, both cell types tended to attach better 
with increasing the composition of PPF, which was in good agreement with the earlier 
findings on crosslinked PPF/PCLF530 blends using rat BMSCs and SpL201 cells. In 
contrast, a parabolic dependence of cell attachment on the composition of polymer 
network was demonstrated in both series of crosslinked PPF/PCLDA1250 and 2000. 
When the composition of PCLDA1250 or 2000 in the disks was lower than 80%, the 
mechanical properties of these amorphous, smooth disks and cell attachment both 
continuously decreased as PCLDA increased. When PCLDA was higher than 80%, cell 
attachment increased with PCLDA instead. 
    Cell spreading represented by using the average area of attached cells is critical for cell 
motility and proliferation, and tissue organization [43]. MC3T3-E1 cell area at day 1 post 
seeding was 1503 ± 320 m2 per cell on the disks of crosslinked PCLDA530. It increased 
to 2124 ± 332, 2317 ± 391, 2545 ± 440, and 2722 ± 204 m2 per cell on crosslinked 
PPF/PCLDA530 blends with PCLDA of 80%, 60%, 40%, and 0%, respectively. Similar to 
cell attachment, both crosslinked PPF/PCLDA1250 and 2000 had a minimum cell area of 
1742 ± 268 and 1697 ± 175 m2 at PCLDA of 80%, respectively. In contrast, the cell area 
was 1873 ± 168, 2282 ± 318, 2552 ± 307 m2 and 2109 ± 305, 2294 ± 258, and 2510 ± 
232 m2 for crosslinked PPF/PCLDA1250 and PPF/PCLDA2000 with PCLDA of 100%, 
60%, and 40%, respectively. 
MC3T3-E1 and SpL201 cell proliferation on the disks of crosslinked PPF, PCLDAs, 
and PPF/PCLDA blends were evaluated using cell images (a-c) and the corresponding 
numbers of cells at different time points (d), as shown in Figures 4.11 and 12, 
respectively. It can be seen that cell images with F-actin stained were consistent with the 
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cell numbers determined using MTS assay. It is evident that cell number increased 
continuously with the composition of PPF at all time points when PCLDA was less than 
80%. Cell proliferation over 4 and 7 days became faster and cells tended to be more 
spread-out with more clear articulated stress fibers when the composition of PPF was 
higher in amorphous disks. On crystalline disks of crosslinked PPF/PCLDA blends, cell 
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Figure 4.11 Cell images (A, B, C) stained using rhodamine-phalloidine and normalized 
number (D) of attached MC3T3-E1 cells 1, 2, 4 days on the disks of crosslinked PPF, 
PCLDAs, and PPF/PCLDA blends, compared to cell-seeded TCPS as positive (+) control. 
p < 0.05 between any two neighboring compositions in one series of crosslinked 
PPF/PCLDA at day 4. 
 
    As an indicator of cell proliferation, proliferation index (PI) was calculated through 
dividing the cell number at day 4 (for MC3T3-E1 cells) or day 7 (for SpL201 cells) by 
the initial number of attached cells at 4 h post seeding. The PI of MC3T3-E1 cells 
decreased continuously from 2.07 on crosslinked PPF to 1.25 on crosslinked PCLDA530. 
For crosslinked PPF/PCLDA1250 and 2000, the PI of MC3T3-E1 cells decreased to a 
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minimum value of 1.34 ± 0.06 and 1.35 ± 0.06 at PCLDA of 80% before it increased again 
to 1.53 ± 0.09 and 1.64 ± 0.08 for crosslinked PCLDA1250 and 2000, respectively. The 
doubling time of MC3T3-E1 cells was also determined by plotting the natural logarithm 
of cell number against time, from which the growth rate was obtained as the slope of 
ln(PI)/4, and the doubling time was ln2/growth rate. The doubling time of MC3T3-E1 
cells decreased from 9.25 days on crosslinked PCLDA530 to 5.25 days on crosslinked 
PCLDA1250 and further to 4.24 days on crosslinked PCLDA2000, indicating faster cell 
proliferation on more crystalline polymer networks. The PI, growth rate, and doubling 
time of SpL201 cells also demonstrated a similar trend on the crosslinked samples 
although SpL201 cells tended to attach less (Figure 4.10) but grow faster (Figure 4.12D) 
than MC3T3-E1 cells, which suggested different cell types could respond to the same 
substrate differently. 
200 m
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Figure 4.12 Cell images (A, B, C) stained using rhodamine-phalloidine and normalized 
number (D) of attached SpL201 cells 1, 4, 7 days post seeding on crosslinked PPF, 
PCLDA, and PPF/PCLDA blend disks, compared to cell-seeded TCPS as positive (+) 
control. p < 0.05 between any two neighboring compositions in one series of crosslinked 
PPF/PCLDA at day 7. 
4.3.5 Further discussion on cell-material interactions 
    Material factors that can determine cell-biomaterial interactions have been investigated 
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by pioneer work in the last several decades [1-3]. Nevertheless, how these factors work in 
a correlative means and how their roles can be quantified and differentiated from each 
other remain challenging. Oftentimes, modulation of one physicochemical factor also 
induces changes in other factors, as exemplified by the present blend systems composed 
of PPF and different PCLDAs. By varying PCLDA in the crosslinked blends, material 
surface and bulk properties both change significantly. As discussed earlier, both 
crystallinity and crosslinking density can decide mechanical properties, surface 
morphology, surface chemistry such as hydrophilicity and the capability of adsorbing 
protein from cell culture medium. 
    Among all the bulk and surface characteristics of these crosslinked PPF/PCLDA blends, 
surface’s capability of adsorbing proteins increased monotonously with increasing PCLDA. 
Polymer surface’s capability of adsorbing protein is related to its surface energy, or 
hydrophilicity [1-3,33,44,45]. Either too hydrophilic or too hydrophobic surfaces will not 
encourage cells to attach on the surface because high surface energy results in low protein 
binding while low surface energy increases non-adhesive protein adsorption and 
denaturing of adhesive proteins [1-3]. Although the hydrophilicity of crosslinked 
PPF/PCLDA1250 and 2000 demonstrated a small increase when the crystallinity 
appeared at high PCLDA compositions, their capability of adsorbing proteins continued 
to increase, which might be attributed to relatively higher surface roughness on 
crystalline disks demonstrated in the AFM images in Figure 4.8. However, our previous 
studies revealed that both original and compressed disks of crosslinked PCLDAs had no 
significant difference in both MC3T3-E1 cell attachment and proliferation although disks 
were much smoother after being compressed between glass plates at a temperature higher 
than Tm [15].  
    Although the hydrophilicity of crosslinked PPF/PCLDA1250 or 2000 disks also 
demonstrated a maximum at PCLDA of ~80%, it cannot be ascribed as the reason for the 
parabolic dependence of cell behavior on the PCLDA composition in crosslinked 
PPF/PCLDA blends because it is believed that surfaces with intermediate surface energy 
or a contact angle of ~50
o
 will favor cell attachment and proliferation compared with 
more hydrophobic or more hydrophilic surfaces [1-3]. Similar to crosslinked PCLF530 
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reported earlier [12-14], amorphous crosslinked PCLDA530 in this study also had a 
water contact angle of ~55
o
. Crystalline disks of PCLDA1250 and 2000 were more 
hydrophobic while crosslinked PPF disks were most hydrophobic among the samples. If 
hydrophilicity worked solely without involving other surface properties, more 
hydrophobic surfaces in the present study seemed to favor cell attachment and 
proliferation in both cell types, which could not be supported by earlier findings on the 
role of hydrophilicity [1-3]. From the above discussion, no factors from surface chemistry 
can satisfactorily explain the dramatic differences in cell responses to the crosslinked 
PPF/PCL disks. 
    Surface stiffness demonstrated a similar parabolic dependence on the network 
composition in this study. It is still unclear if there exists a critical value for surface 
stiffness to be sufficiently high for one certain cell type to attach and proliferate on a 
certain substrate although a few studies have established a range of substrate stiffnesses 
(E 0.01-10 kPa) to which neural stem cells respond [34,46]. As reported earlier, 
crystalline disks of photo-crosslinked PCLF2000 and 1250 are better than amorphous 
disks of PCLF530 in supporting attachment and proliferation of BMSCs and SpL201 
cells [13,14]. This phenomenon was tentatively interpreted as the result of weak surfaces 
of crosslinked PCLF530 without the enhancement of crystallites [13,14]. The 
observations in this study were consistent with the studies on the role of crystallinity in 
strengthening materials and consequently enhancing cell attachment and proliferation 
[13-15]. It is striking that the cell behavior could be so sensitive to the variance in the 
crystallinity of crosslinked PPF/PCLDAs. In the studies on another semi-crystalline 
polymer, poly(L-lactide) (PLLA), cell responded differently to semi-crystalline and 
amorphous samples that were prepared from quenching the melt to room temperature, 
which was lower than its Tg [47,48]. Although nanometer-scale roughness was proposed 
to interpret the enhancement of osteoblast proliferation [49,50], the origin for such a 
difference still remains elusive [47,48].  
    Extensive studies have been performed on the role of hydrogel stiffness in determining 
cell spreading, proliferation, and differentiation [4-9]. Stiffer hydrogels were reported to 
better support focal adhesion, spreading, proliferation, and differentiation of bone cells 
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such as MC3T3-E1 cells and human mesenchymal stem cells [51-54]. For neuronal cells, 
numerous studies have been performed on the differentiation of pheochromocytoma 
(PC12) cells, dorsal root ganglia, and neuronal stem/progenitor cells [9,11,34,35,46,55-
60]. Generally more and longer neurites were found on softer hydrogels [9,55]. 
Neutrophils were also reported to display biphasic relationship migration and substrate 
stiffness [35]. It should be noted that the surface stiffnesses of hydrophobic PPF/PCLDA 
networks were greatly higher than those of hydrogels (normally less than 1 MPa), which 
have to be incorporated with polycations such as poly(L-lysine), matrigel, and adhesive 
proteins to allow cell attachment [4,5,57]. In the present study, no additional components 
were needed for the polymer networks to support cell attachment and proliferation. 
    As a conditionally immortalized Schwann cell precursor line that generates myelin, 
SpL201 cells used in this study are different from neurons in both cell type and functions 
as they can differentiate into early Schwann cell-like cells, which belong to glial cells, 
and also can upregulate Oct-6 and myelin gene expression upon forskolin treatment [61]. 
As discovered earlier, soft substrates can stimulate neurite extension and branching while 
inhibit glial cell spreading and proliferation, although mechanism of regulation is still 
under investigation [9,11,34,57-60]. Consistent with these reports on culturing glial cells 
on hydrogels, SpL201 cell proliferation was found to be enhanced on more rigid 
substrates, although the stiffness of our hydrophobic polymer networks was much higher 
than those of hydrogels [12,13,15]. It should be noted that SpL201 cells can be an 
excellent system to analyze mechanisms that may regulate Schwann cell differentiation 
and myelination by cell biological, genetic, and biochemical means [61]. In addition, 
Schwann cell precursor was revealed to be a favorable cell type for myelin repair in the 
central nervous system because it can circumvent some of the major problems associated 
with the use of Schwann cells [62].  
    By controlling the composition of PCLDA in the crosslinked PPF/PCLDA blends, I 
could modulate both mechanical properties and cell behavior to satisfy different needs in 
hard and soft tissue regeneration. The crosslinked blends with low PCLDA compositions 
had mechanical properties similar to bone tissues and they were supportive for pre-
osteoblastic MC3T3 cell attachment and proliferation. Three-dimensional (3D) porous 
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scaffolds can be fabricated using these materials for bone repair [20-22]. When the 
crosslinked blends were crystalline at high compositions of PCLDA, PCL crystallites 
could enhance the polymer network’s mechanical properties, especially toughness. 
Resistance to tear is one important mechanical property for biomaterials used in medical 
applications because it will decide if one material can hold the suture in in vivo 
implantations. As reported for crosslinked PCLF2000 [13,27], nerve tubes made from the 
crosslinked blends with high PCLDA1250 or 2000 compositions will have sufficient 
flexibility and resistance to tear to stay connected between the distal and proximal ends of 
a broken nerve tube. The materials are supportive for glial cell attachment and 
proliferation, which can form myelin and supply support and protection to neurons [57]. 
Therefore, this study not only reports an interesting parabolic dependence of cell 
behavior on the network composition, but also supplies a material design strategy of 
controlling crosslinking density and crystallinity simultaneously to solve different 
problems in regenerative medicine.               
4.4 Conclusions 
    I have supplied not only an extensive database of the physical properties of the 
miscible blends of PPF and three PCLDAs in both uncrosslinked and crosslinked forms, 
but also a simple method to achieve controllable bulk and surface properties and 
consequently tunable cell behavior for various tissue-engineering applications, for 
example, bone and nerve repair. It has been found that blending and crosslinking PPF 
with PCLDAs can produce both amorphous and semi-crystalline materials with 
controllable mechanical properties. Crosslinked blends formed by semi-crystalline 
PCLDA1250 or 2000 with amorphous PPF have demonstrated correlative roles of 
crystallinity and crosslinking density in regulating mechanical properties, as a lowest 
tensile modulus has been found at a middle PCLDA composition of ~70% or ~80%, 
respectively. In contrast, a progressive physical change has been observed from a 
compliant material for crosslinked PCLDA530 to a stiff material for crosslinked PPF 
with a dramatic increase in tensile modulus from 5.97 ± 0.60 MPa to 1.44 ± 0.08 GPa. 
Photo-crosslinked PPF, PCLDAs and PPF/PCLDA blends demonstrate excellent 
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cytocompatibility when exposed to mouse MC3T3-E1 cells and rat SpL201 cells. Cell 
attachment, spreading, and proliferation on the amorphous disks of PPF/PCLDA 
networks all decrease when the composition of PCLDA increase first. As the PCLDA 
composition increases further, cell attachment, spreading, and proliferation increase when 
crosslinked PPF/PCLDA1250 and 2000 are strengthened by the PCL crystalline domains. 
Therefore, parabolic dependence of cell behavior on the semi-crystalline disks of 
crosslinked PPF/PCLDA1250 and 2000 is revealed and it is exactly in coincidence with 
the substrates’ mechanical properties.  
 
  99 
References 
[1] Harbers, G. M.; Grainger, D. W. In, Guelcher SA.; Hollinger JO.; editors. Introduction 
to biomaterials. Boca Raton,  CRC Press; 2005. p. 15.  
[2] Wong, J. Y.; Leach, J. B.; Brown, X. Q. Surf Sci 2004, 570, 119. 
[3] Saltzman, W. M.; Kyriakides, T. R. In, R. Lanza.; R. Langer.; J. Vacanti.; editors. 
Principles of tissue engineering. 3rd ed..; San Diego,  Elsevier Academic Press; 2007. 
p. 279. 
[4] Pelham, R. J.; Wang, Y. L. Proc Natl Acad Sci USA 1997, 94, 13661.  
[5] Pelham, R. J.; Wang, Y. L. Biol Bull 1998, 194, 348. 
[6] Discher, D. E.; Janmey, P.; Wang, Y. L. Science 2005, 310, 1139.  
[7] Georges, P. C.; Janmey, P. A. J Appl Physiol 2005, 98, 1547. 
[8] Levental, I.; Georges, P. C.; Janmey PA. Soft Matter 2007, 3, 299. 
[9] Nemir, S.; West, J. L. Ann Biomed Eng 2010, 38, 2. 
[10] Brown, X. Q.; Ookawa, K.; Wong, J. Y. Biomaterials 2005, 26, 3125. 
[11] Teixeira, A. I.; Ilkhanizadeh, S.; Wigenius, J. A.; Duckworth, J. K.; Inganäs, O.; 
Hermanson, O. Biomaterials 2009, 30, 4567. 
[12] Wang, S.; Kempen, D. H.; Simha, N. K.; Lewis, J. A.; Windebank, A. J.; Yaszemski, 
M. J.; et al. Biomacromolecules 2008, 9, 1229.   
[13] Wang, S.; Yaszemski, M. J.; Gruetzmacher, J. A.; Knight, A. M.; Windebank, A. J.; 
Lu, L. Acta Biomaterialia 2009, 5, 1531. 
[14] Wang, S.; Kempen, D. H.; Yaszemski, M. J.; Lu, L. Biomaterials 2009, 30, 3359. 
[15] Cai, L.; Wang, S. Polymer 2010, 51, 164. 
[16] Shi, X. F.; Mikos, A. G. In, Guelcher, S. A.; Hollinger, J. O.; editors. Introduction to 
biomaterials. Boca Raton,  CRC Press; 2006. p. 205. 
[17] Kasper, F. K.; Tanahashi, K.; Fisher, J. P.; Mikos, A. G. Nat Protoc 2009, 4, 518. 
[18] Wang, S.; Lu, L.; Yaszemski, M. J.  Biomacromolecules 2006, 7, 1976. 
[19] Cai, L.; Wang, K.; Wang, S. Biomaterials 2010, 31, 4457. 
[20] Lee, K. W.; Wang, S.; Lu, L.; Jabbari, E.; Currier, B. L.; Yaszemski, M. J. Tissue Eng 
2006, 12, 2801. 
  100 
[21] Lee, K. W.; Wang, S.; Fox, B.; Ritman, E. L.; Yaszemski, M. J.; Lu, L. 
Biomacromolecules 2007, 8, 1077. 
[22] Lee, K. W.; Wang, S.; Dadsetan, M.; Yaszemski, M. J.; Lu, L. Biomacromolecules 
2010, 11, 682. 
[23] Lee, K. W.; Wang, S.; Yaszemski, M. J.; Lu, L. Biomaterials 2008, 29, 2839. 
[24] Wang, S.; Lu, L.; Gruetzmacher, J. A.; Currier, B. L.; Yaszemski, M. J. 
Macromolecules 2005, 38, 7358. 
[25] Wang, S.; Lu, L.; Kempen, D. H.; de Ruiter, G. C.; Nesbitt, J. J.; Gruetzmacher, J. A.; 
et alProceedings of AIChE annual meeting.; San Francisco.; CA.; USA.; 2006. 
[26] Jabbari, E.; Wang, S.; Lu, L.; Gruetzmacher, J. A.; Ameenuddin, S.; Hefferan, T. E.; 
et al. Biomacromolecules 2006, 6, 2503.  
[27] Wang, S.; Yaszemski, M. J.; Gruetzmacher, J. A.; Lu, L. Polymer 2008, 49, 5692.   
[28] Wang, S.; Lu, L.; Gruetzmacher, J. A.; Currier, B. L.; Yaszemski, M. J. Biomaterials 
2006, 27, 832. 
[29] Nojima, S.; Tanaka, H.; Rohadi, A.; Sasaki, S. Polymer 1998, 39, 1727. 
[30] Nojima, S.; Hashizume, K.; Rohadi, A.; Sasaki, S. Polymer 1997, 38, 2711. 
[31] Suggs, L. J.; Moore, S. A.; Mikos, A. G. In,  Mark, J. E.; editor. Physical properties 
of polymers handbook. 2nd ed..; New York,  Springer; 2006. p. 939. 
[32] Engler, A.; Bacakova, L.; Newman, C.; Hategan, A.; Griffin, M.; Discher, D. 
Biophys J 2004, 86, 617. 
[33] Lee, S. J.; Khang, G.; Lee,Y. M.; Lee, H. B. J Colloid Interf Sci 2003, 259, 228-35. 
[34] Saha, K.; Keung, A. J.; Irwin, E. F.; Li, Y.; Little, L.; Schaffer, D. V.; et al. Biophys J 
2008, 95, 4426. 
[35] Stroka, K. M.; Aranda-Espinoza, H. Cell Motil Cytoskeleton 2009, 66, 328. 
[36] Cai, L.; Wang, S. Biomacromolecules 2010, 11, 304. 
[37] Woo, K. M.; Chen, V. J.; Ma, P. X. J Biomed Mater Res 2003, 67A, 531. 
[38] Brandrup, J.; Immergut, E. H.; editors. Polymer handbook. 3rd ed..; New York,  
Wiley; 1989. 
[39] Kavanagh, G. M.; Ross-Murphy, S. B. Prog Poly Sci 1998, 23, 533. 
[40] Sperling, L. H. 3rd ed..; New York, Wiley; 2001. p. 363. 
  101 
[41] Murugan, R.; Ramakrishna, S. Composites Sci Techn 2005, 65, 2385. 
[42] Borschel, G. H.; Kia, K. F.; Kuzon, W. M.; Dennis, R. G. J Surgical Res 2003, 114, 
133. 
[43] Gumbiner, B. M. Cell 1996, 84, 345.  
[44] Brocchini, S.; James, K.; Tangpasuthadol, V.; Kohn, J. J Biomed Mater Res 1998, 42, 
66. 
[45] Kennedy, S. B.; Washburn, N. R.; Simon, Jr C. G.; Amis, E. J. Biomaterials 2006, 27, 
3817. 
[46] Leipzig, N. D.; Shoichet, M. S. Biomaterials 2009, 30, 6867. 
[47] Park, A.; Griffith-Cima, L. J Biomed Mater Res 1996, 31, 117. 
[48] Salgado, A. J.; Wang, Y.; Mano, J. F.; Reis, R. L. Mater Sci Forum 2006, 514-516, 
1020. 
[49] Simon, C. G. Jr.; Eidelman, N.; Kennedy, S. B.; Sehgal, A.; Khatri, C. A.; Washburn, 
N. R. Biomaterials 2005, 26, 6906. 
[50] Washburn, N. R.; Yamada, K. M.; Simon, Jr C. G.; Kennedy, S. B.; Amis, E. J. 
Biomaterials 2004, 25, 1215. 
[51] Khatiwala, C. B.; Peyton, S. R.; Metzke, M.; Putnam, A. J. J Cell Physiol 2007, 211, 
661. 
[52] Khatiwala, C. B.; Peyton, S. R.; Putnam, A. J. Am J Physiol Cell Physiol 2006, 290, 
1640. 
[53] Kong, H. J.; Polte, T. R.; Alsberg, E.; Mooney, D. J. Proc Natl Acad Sci USA 2005, 
102, 4300. 
[54] Marklein, R. A.; Burdick, J. A. Soft Matter 2010, 6, 136. 
[55] Norman, L. L.; Stroka, K.; Aranda-Espinoza, H. Tissue Eng Part B 2009, 15, 291. 
[56] Seidlits, S. K.; Khaing, Z. Z.; Petersen, R. R.; Nickels, J. D.; Vanscoy, J. F.; Shear, J. 
B.; et al. Biomaterials 2010, 31, 3930. 
[57] Flanagan, L. A.; Ju, Y. E.; Marg, B.; Osterfield, M.; Janmey, P. A. NeuroReport 2002, 
13, 2411. 
[58] Georges, P. C.; Miller, W. J.; Meaney, D. F.; Sawyer, E. S.; Janmey, P. A. Biophys J 
2006, 90, 3012. 
  102 
[59] Kostic, A.; Sap, J.; Sheetz, M. P. J Cell Sci 2007, 20, 3895. 
[60] Strassman, R. J.; Letourneau, P. C.; Wessells, N. K. Exptl Cell Res 1973, 81, 482. 
[61] Lobsiger, C. S.; Smith, P. M.; Buchstaller, J.; Schweitzer, B.; Franklin, R. J. M.; 
Suter, U.; et al. Glia 2001, 36, 31. 
[62] Woodhoo, A.; Sahni, V.; Gilson, J.; Setzu, A.; Franklin, R. J. M.; Blakemore WF. 
Brain 2007, 130, 2175. 
 
 
  103 
CHAPTER V 
 INJECTABLE AND BIODEGRADABLE NANOHYBRID 
POLYMERS WITH SIMULTANEOUSLY ENHANCED STIFFNESS 
AND TOUGHNESS FOR BONE REPAIR 
 
5.1 Introduction 
Developing suitable scaffold materials with controllable physicochemical properties 
is crucial in successful bone repair and regeneration, after surgical intervention in various 
clinical scenarios such as large-scale traumatic bone injury or fracture non-unions.[1] 
Polymeric biomaterials, either as pre-made solid scaffolds or as injectable pastes that can 
harden in situ, have emerged to be promising substitutes for currently used autograft and 
allograft.[1] Poly(propylene fumarate) (PPF), a linear unsaturated polyester, is an 
injectable and biodegradable polymer for orthopedic applications with excellent 
biocompatibility, mechanical properties, osteoconductivity, and biodegradability, after 
crosslinking.[2-13] However, because of a high crosslinking density, crosslinked PPF has 
a low fracture toughness and can fail at small deformation or repeated mechanical loads, 
limiting its weight-bearing applications.[14] Thus, I aim to toughen the PPF network 
without sacrificing its stiffness and to explore its potential in bone repair. Numerous 
attempts have been made to improve the mechanical properties and osteoconductivity of 
crosslinked PPF. For example, PPF has been blended with various inorganic fillers such 
as hydroxyapatite,[11,15] calcium sulfate,[16] -tricalcium phosphate,[14,17] and single-
walled carbon nanotubes[18] to prepare crosslinked composites. However, simple 
physical mixing cannot simultaneously enhance both toughness and stiffness. Polyhedral 
oligomeric silsesquioxane (POSS) is a biocompatible silicon-based monomer with 
nanostructured cages in a diameter of ~1.5 nm including the vertex group.[19-24] POSS 
nanocomposites can be easily prepared by blending with polymers and have been widely 
investigated.[19-24] To ensure molecular-level dispersion and covalent attachment, 
copolymerizing POSS into polymer systems has been a prevailing method.[19-24] For 
example, POSS has been copolymerized with polystyrene (PS),[25] poly(methyl 
methacrylate) (PMMA),[26,27] polyurethane (PU),[28] and polyimide.[29] Incorporation 
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of POSS to polymers can enhance thermal and mechanical properties while it introduces 
little cytotoxicity.[21-24] Previously in our group, methacryl POSS with eight methacryl 
groups on the nanocage has been used as a crosslinker to expedite photo-crosslinking of 
PPF, although no evident dependence on the weight composition of POSS (POSS) was 



















































































































































Figure 5.1 Synthesis of PPF-co-POSS. 
 
Here I report a series of novel organic-inorganic nanohybrid polymers to reinforce 
PPF with covalently grafted POSS. A monofunctional isobutyl POSS with one arm 
bearing two hydroxyl groups was used as a monomer in the same way as 1,2-propane diol 
to react with diethyl fumarate (DEF), as shown in Figure 5.1. The physicochemical 
properties of PPF-co-POSS with POSS from 5% to 40% synthesized via this two-step 
polycondensation were extensively characterized. Besides achieving simultaneous 
improvement in both stiffness and toughness for crosslinked PPF-co-POSS compared 
with pure crosslinked PPF, mouse pre-osteoblastic MC3T3-E1 cells were used to study 
cell-material interactions and evaluate the performance of the copolymers in promoting 
cell attachment, spreading, proliferation, differentiation, and gene expression.  
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Substrate stiffness is one of three major categories of factors for controlling cell fate, 
together with the other two: surface chemistry and topological features.[30-32] In our 
previous study, MC3T3-E1 cell attachment and proliferation demonstrated a non-
monotonic dependence on the PPF/poly(-caprolactone) diacrylate (PCLDA) network 
composition, coincident with the composition dependence of elastic modulus.[8] 
PPF/poly(-caprolactone) fumarate (PCLF)[5] and PCLDA[33,34] networks with 
different mechanical properties have also been correlated with cell behaviors. In the 
present study, enhanced mechanical properties have been shown to regulate MC3T3-E1 
cell behaviors on the crosslinked copolymers with little variance in other factors. Gene 
expression was further performed to confirm the transcriptional changes of differentiated 
MC3T3-E1 cells on these substrates. The results could not only provide a series of 
injectable and biodegradable tissue engineering scaffolds with improved mechanical 
properties and osteoconductivity for bone repair and regeneration, but also offer a better 
fundamental understanding about the mechanical cues in promoting MC3T3-E1 cell 
functions. 
 
5.2 Experimental Section 
5.2.1 Polymer synthesis and structural characterization 
 1,2-propanediol isobutyl POSS was purchased from Hybrid Plastics (Hattiesburg, 
MS). All other chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless 
otherwise noted. PPF [2-6] and PPF-co-POSS was synthesized via two-step 
polycondensation, as shown in Figure 5.1. In the first step, DEF (51.6 g, 0.3 mol) reacted 
with various ratios of 1,2-propanediol isobutyl POSS (5, 10, 15, 20, and 40 wt% of DEF) 
in the presence of hydroquinone (0.066 g, 0.6 mmol) as the crosslinking inhibitor and 
zinc chloride (0.41 g, 3 mmol) as the catalyst for 5 h at 130 C, followed by adding 1,2-
propane diol (0.9 mol, 68.4 g) for another 5 h to yield an intermediate fumaric ester from 
condensation. The second step of transesterification was conducted in high vacuum at 
150 C for 8 h to obtain PPF-co-POSS. The copolymers was dissolved in CH2Cl2, 
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washed twice by 10 wt% hydrochloric acid to remove catalysts, and then washed by 
distilled water and saturated brine. The organic phase was dried with magnesium sulfate, 
filtered, precipitated twice in cold diethyl ether to remove soluble unreacted POSS, and 
then dried completely in vacuum. Polymer molecular weights were measured using an 
EcoSEC Gel Permeation Chromatographic (GPC) system (Tosoh Bioscience, 
Montgomeryville, PA) with THF as the eluent and monodispersed PS standards 
(PStQuick, Tosoh Bioscience) for calibration. 
1
H NMR spectra were acquired on a 
Varian Mercury 300 spectrometer (300 MHz) using CDCl3 containing tetramethylsilane 
(TMS) as the solvent. NMR (Figure 5.2a): δ = 0.6 (14H, -Si-CH2-CH), 0.9 (42H, -CH-
(CH3)2), 1.3 (3H, -CH3), 4.2 (2H, -CH2-O-), 5.3 (1H, -CH-CH2-O), 6.8 (2H, CH=CH). IR 
spectra (Figure 5.2b,c) were obtained on a Perkin Elmer Spectrum Spotlight 300 
spectrometer with Diamond Attenuated Total Reflectance. The solubility of PPF and 
PPF-co-POSS was measured using 50 mg samples placed in 5 mL of different solvents 
including water, methylene chloride, THF, DMF, acetone, methanol, toluene, acetonitrile, 
hexane, and diethyl ether for 24 h at room temperature and then judged by naked eyes. 
Zero-shear viscosities were determined from the Newtonian region using a strain-
controlled rheometer (RDS-2, Rheometric Scientific) at temperatures from 25 to 100 C. 
Samples was placed in a parallel-plate flow cell with a diameter of 25 mm and a gap of 
~0.5 mm for all measurements.  
5.2.2 Photo-crosslinking of PPF-co-POSS 
 All the polymers were crosslinked under UV light (Spectroline, SB-100P; intensity: 
4800 w cm-2, wavelength315-380 nm) for 20 min with assistance of a photo-initiator, 
bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, IRGACURE 819, Ciba Specialty 
Chemicals). Briefly, 1.5 g PPF or PPF-co-POSS was dissolved in 500 L CH2Cl2 with 75 
L of BAPO/CH2Cl2 (300 mg/1.5 mL). The homogeneous solution was transferred into 
molds of a silicon spacer (1.0 mm, thickness) or a Teflon spacer (0.37 mm, thickness) 
between two glass plates (2.1 mm, thickness). The mold filled with the polymer solution 
was placed under UV light at a distance of ~7 cm from the lamp head.  
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5.2.3 Characterizations 
The swelling ratios and gel fractions of crosslinked PPF and PPF-co-POSS were 
measured by immersing two crosslinked disks (~8 × ~1.0 mm, diameter × thickness) in 
CH2Cl2 [33]. DSC measurements of both uncrosslinked and crosslinked samples were 
performed on a Perkin Elmer Diamond differential scanning calorimeter in a nitrogen 
atmosphere. The same thermal history was applied to all the samples by first heating up 
to 200 °C and cooling to –80 °C at 10 °C min-1, followed by a second heating run from –
80 to 200 °C at 10 °C min
-1
. POSS crystallinities in the copolymers were calculated using 
the heat of fusion (Hm) of pure POSS. TGA for all the crosslinked samples was 
performed on a TA Q50 in flowing nitrogen at a heating rate of 20 °C min
-1
 from room 
temperature to 600 °C. Degradation of crosslinked PPF and PPF-co-POSS disks with the 
same dimensions as mentioned earlier was performed in PBS on a shaker table at 37 °C 
for six months. Disks were weighed each month after complete drying and compared 
with their initial weights. The tensile and compressive properties of crosslinked PPF and 
PPF-co-POSS were conducted on a dynamic mechanical analyzer (DMTA-5, Rheometric 
Scientific). Briefly, polymer strips (~30 × ~1.5 × ~0.3 mm, length × width × thickness) 
were elongated and polymer disks (~2.5 × ~1.0 mm, diameter × thickness) were 
compressed at a strain rate of 0.001 s
-1
 at 37 C. Five specimens for each sample were 
measured and averaged. Fracture toughness of crosslinked PPF-co-POSS was measured 
according to the ASTM E 399-83 protocol [51]. A specifically designed mold was used 
to fabricate specimens with dimensions of ~5 × ~12.5 × ~1.5 mm, crack length (a) × 
width (w) × thickness (b). The specimens were tested in tension with a cross-head speed 
of 2 mm min
-1
 at 37 C. The maximum load (Pc) for the specimen fracture was recorded 
and used to calculate the fracture toughness (KIC) in MPa m
1/2
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A TEM (Libra 120; Carl Zeiss microscopy) equipped with an in-column energy filter 
was used to observe the morphology of crosslinked PPF-co-POSS with POSS of 5% and 
20% at an accelerating voltage of 120 kV. Oxygen maps were acquired in the same area 
as the TEM images using a standard three-window background-subtraction method with 
an energy window of 30 eV. Samples with an average thickness of ~75 nm were prepared 
by direct drop-casting on carbon-coated copper grids using the precursor solutions 
followed by photo-crosslinking under UV for 20 min. Surface morphology of crosslinked 
PPF-co-POSS was characterized by AFM using a Nanoscope III control system (Veeco 
Instruments, Santa Barbara, CA) in the tapping mode with a scan size of 20 × 20 m and 
a scan rate of 0.5 Hz at room temperature. Topographies of the surfaces were recorded 
simultaneously using a standard silicon tapping tip on a beam cantilever and the rms 
roughness was obtained from height profiles over four areas of 10 × 10 m. Water 
contact angles of crosslinked PPF and PPF-co-POSS disks was measured using a Ramé-
Hart NRC C. A. goniometer (model 100-00-230) [33]. Protein adsorption measurement 
was carried out as described previously [33].  
5.2.4 Cell culture, toxicity, attachment, and proliferation 
 Mouse MC3T3-E1 pre-osteoblast cells (CRL-2593, ATCC, Manassas, VA) were 
cultured in vitro in -Minimum Essential Media (Gibco, Grand Island, NY), 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 
(Gibco) in an incubator supplied with 5% CO2 and 95% relative humidity at 37 °C. Cell 
culture medium was changed every two days and cells were split upon 80% confluency. 
Prior to cell studies, crosslinked PPF and PPF-co-POSS disks (~5 × ~1.0 mm for 
cytotoxicity evaluation; ~8 × ~1.0 mm for attachment and proliferation, diameter × 
thickness) were sterilized in excess 70% ethanol solution overnight, dried in vacuum, and 
washed with PBS twice. Cytotoxicity was determined by seeding MC3T3-E1 cells in 24-
well tissue culture polystyrene (TCPS) plates at a density of ~15,000 cells per cm
2
 in 1 
mL of culture medium with sterile polymer disks. Cell-seeded wells at the same density 
with no polymer disks were used as positive controls and empty wells were used as 
negative controls. A colorimetric cell metabolic assay (CellTiter 96 Aqueous One 
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Solution; Promega, Madison, WI) based on the MTS tetrazolium compound was 
performed at days 1, 2, and 4 post-seeding. The UV absorbance at 490 nm measured on 
the microplate reader was correlated to the number of viable cells using a standard curve. 
Cell viability was then calculated by normalizing the cell number exposed to the samples 
to the positive control value.  
MC3T3-E1 cell attachment and proliferation were performed on sterile crosslinked 
PPF-co-POSS disks in 48-well cell culture plates. Autoclaved inert silicon-based high 
temperature vacuum grease (Dow Corning, Midland, MI) was used to attach disks to the 
bottom of wells. Cells were seeded onto the polymer disks at ~15,000 cells per cm
2
. 
Wells seeded with cells at the same density were used as positive controls and empty 
wells were used as negative controls. Unattached cells at 4 h were removed by washing 
twice with PBS before using MTS assay. The number of viable cells at 4 h, days 1, 2, and 
4 post-seeding was quantified using MTS assay as described earlier. Cell attachment at 4 
h was analyzed by normalizing the cell number attached on the disks to the positive 
controls. For cell imaging, cells were fixed in 4% paraformaldehyde solution for 10 min 
and then permeabilised with 0.2% Triton X-100. Actin filaments in cells were stained 
with rhodamine phalloidin for 1 h at 37 °C and cell nuclei were counter-stained with 4',6-
diamidino-2-phenylindole (DAPI) for photographing using an Axiovert 25 light 
microscope (Carl Zeiss, Germany). For characterizing cell spreading, cell area was 
determined and averaged on 20 non-overlapping cells at day 1 post-seeding using ImageJ 
software (National Institutes of Health, Bethesda, MD). 
5.2.5 Cell differentiation and gene expression 
 The alkaline phosphatase (ALP) activity and calcium content were measured using 
the lysates of MC3T3-E1 cells cultured on crosslinked PPF-co-POSS for two weeks [34]. 
The cells were washed twice with PBS, trypsinized and washed again using a centrifuge 
at 1000 rpm for 4 min. The residues were re-suspended in 1 mL of 0.2% Nonidet P-40 
and sonicated in an ice bath for 2 min. The cell lysate was frozen at -20 °C prior to 
measurement. The ALP activity of the cell lysate was determined using a fluorescence-
based ALP detection kit (Sigma, St. Louis, MO) and a standard curve was constructed 
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using different amounts of control enzyme. Calcium content was determined using 
QuantiChrom calcium assay kit (BioAssay Systems, Hayward, CA). 
MC3T3-E1 cells cultured on 50 cm
2
 polymer sheets at ~15,000 cells/cm
2
 for two 
weeks were trypsinized and total RNA was isolated using RNeasy Mini Kit (Qiagen, 
Valencia, CA). The amount of total RNA from each sample was quantified using 
Nanodrop1000 spectrophotometer (Thermo Scientific, Wilmington, DE). Reverse 
transcription of isolated RNA was then performed using DyNAmo cDNA synthesis kit 
(Thermo Scientific) according to the manufacturer’s protocol. The oligonucleotide 
primers used for both RT and real-time PCR were as follows: ALP forward, 5'-GCC CTC 
TCC AAG ACA TAT A; ALP reverse, 5'-CCA TGA TCA CGT CGA TAT CC; OCN 
forward, 5'-CAA GTC CCA CAC AGC AGC TT; OCN reverse, 5'-AAA GCC GAG 
CTG CCA GAG TT; Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) forward, 5'-
ACT TTG TCA AGC TCA TTT CC; GAPDH reverse, 5'-TGC AGC GAA CTT TAT 
TGA TG. PCR amplifications were conducted using a Peltier Thermo Cycler (PTC-200, 
MJ Research, Watham, MA). Thirty PCR cycles for ALP and twenty-seven cycles for 
osteocalcin and GAPDH were implemented with each cycle consisting of denaturation at 
94 °C for 30 s, annealing at 55 °C for 30 s, and elongation at 72 °C for 30 s. The products 
were analyzed by electrophoresis using 5 L samples in 1.5% agarose gel stained with 
Gelgreen (Biotium, Hayward, CA) for 20 min at 100 V. DNA fragments were visualized 
and imaged using EpiChemi II Darkroom Imaging Systems (UVP, Upland, CA). Real-
time PCR reactions were performed in 25 L of PCR mixture consisting of each cDNA 
sample, a specific primer, and a Power SYBR
® 
Green PCR Master Mix (Applied 
Biosystems, Carlsbad, CA). Same thermal conditions mentioned above were applied 
using a Peltier Thermal Cycler with fluorescence detection systems (PTC-200, MJ 
Research). The expression of target gene was normalized to the level of GAPDH. 
5.2.6 Statistical analysis 
 All experiments were conducted in triplicate except for the mechanical testing where 
n = 5. The data were expressed as mean ± standard deviation. One-way analysis of 
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variance (ANOVA) with Tukey post-hoc test was performed to assess the statistical 
significance (p < 0.05) between results. 
 
5.3 Results and Discussion 
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Figure 5.2 Structural characterization. (a) 
1
H NMR (CDCl3) spectra of PPF, PPF-co-
POSS and POSS. FTIR spectra of (b) PPF, PPF-co-POSS, POSS, and (c) crosslinked PPF 
and PPF-co-POSS. 
 
PPF and five PPF-co-POSS copolymers with POSS of 5%, 10%, 15%, 20%, and 40% 
were successfully synthesized and their chemical structures were confirmed using the 
NMR and FTIR spectra in Figure 5.2. The ratios of proton peak areas in the NMR spectra 
representing the amounts of both components were proportional to their feed ratios in the 
copolymers. The absorption peak at 1085 cm
-1
 assigned to symmetric stretching of Si-O-
Si in FTIR spectra also demonstrated the POSS in the copolymers. The vinyl (-HC=CH-) 
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group of PPF and PPF-co-POSS at 1635 cm
-1
 was greatly reduced but still existed after 
photo-crosslinking, indicating that the consumption of the fumarate double bonds was 
incomplete, which was typical for PPF crosslinking.[5] All these copolymers had similar 
molecular weights (Table 5.1), suggesting a similar reactivity for POSS monomer and 
1,2-propane diol in polycondensation. It ensured comparisons without a chain length 
effect on the material properties. Narrower molecular weight distributions indicated by 
smaller polydispersity indices (Mw/Mn) were found for copolymers at higher POSS, 
suggesting that the length of copolymer chains with sterically bulky POSS side groups 
could be more uniform than the neat PPF chains after the second step of 
polycondensation. A similar phenomenon was also found for poly(acetoxylstyrene-co-
isobutylstyryl POSS) (PAS-co-POSS) with smaller polydispersity indices at higher 
POSS.[35]  
Table 5.1  Molecular and thermal characteristics of PPF-co-POSS 
POSS (%) Mn Mw Mw/Mn Tg (C) Tm (C) Hm (J/g) Xc Td (C) 
0 2090 4110 2.0 -17.2  none (none)* 0 (0) 0 (0) (343) 
5 2420 4810 2.0 -21.1 (8.7) 86.5 (none) 1.5 (0) 0.04 (0) (338) 
10 2350 3830 1.6 -28.4 (7.0) 87.4 (none) 2.9 (0) 0.09 (0) (345) 
15 2480 3580 1.4 -20.8 (2.6) 87.8 (87.3) 6.1 (2.4) 0.18 (0.07) (342) 
20 2520 3440 1.4 -21.3 (2.1) 90.2 (87.9) 7.2 (3.7) 0.21 (0.11) (340) 
40 2330 3100 1.3 -19.3 (0.6) 105.1 (94.4) 14.5 (6.8) 0.43 (0.20) (336) 
100 950    172.9 33.8 1.00 292 
 
* Data in parenthesis are obtained from crosslinked PPF-co-POSS. 
 
The solubility of PPF-co-POSS in different organic solvents was examined. All the 
copolymers were insoluble in water, methanol, hexane, and diethyl ether. Because the 
POSS monomer was soluble in diethyl ether, unreacted POSS could be completely 
removed from the copolymers through repeated precipitation in diethyl ether. The 
covalent linkage of POSS to PPF backbone was also examined by dissolving the 
copolymers in acetonitrile, a non-solvent for POSS monomer but a good solvent for PPF 
and all the PPF-co-POSS, showing no unreacted POSS residues. PPF-co-POSS could 
also be easily dissolved in methylene chloride, tetrahydrofuran (THF), 
dimethylformamide (DMF), chloroform, acetone, and toluene. The solubility of the 
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copolymers in toluene was greatly improved by incorporating POSS, as toluene is a poor 
solvent for PPF at room temperature. Similar enhanced solubility in toluene was also 
reported when PCL was copolymerized with PPF.[6] 
Similar to PPF, photo-crosslinking of PPF-co-POSS under UV light was efficient, as 
indicated by that the high gel fractions (> 95%) of the networks measured in CH2Cl2. The 
crosslinking speed was similar for all the copolymers and an exposure time of 10 min 
was needed to reach a gel fraction of 95%, different from the POSS with eight methacryl 
groups that could expedite the photo-crosslinking process of PPF.[13] The swelling ratio 
in CH2Cl2 increased slightly from 0.8 for crosslinked PPF to 1.35 for crosslinked PPF-co-
POSS (POSS = 20%), indicating that the crosslinking density decreased with increasing 
POSS because of the volume occupied by the bulky POSS nanocages in the network. 
Similar results were also found in epoxy/POSS nanocomposites.[36]  
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Figure 5.3 Thermal properties and morphology. DSC curves of (a) uncrosslinked and (b) 
crosslinked PPF and PPF-co-POSS. (c) TGA curves, (d) AFM images, (e) optical images 
of crosslinked PPF and PPF-co-POSS disks. rms roughness is represented by the number 
in nm with standard deviation in each image of (d). (f) TEM images and oxygen maps of 
crosslinked PPF-co-POSS at POSS of 5% and 20%. 
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The thermal properties of PPF and PPF-co-POSS before and after crosslinking were 
determined from the differential scanning calorimetric (DSC) curves (Figure 5.3a,b) and 
are listed in Table 5.1. The glass transition temperatures (Tgs) of the copolymers with 
grafted POSS cages were slightly lower than that of amorphous PPF, similar to the trend 
in PAS-co-POSS[35] and PS-co-POSS.[24] Although POSS cages can increase Tg by 
hindering polymer chain motions, the decreased Tg here can be attributed to increased 
free volume and the diluent role of POSS, both of which reduce the intermolecular 
interactions.[21,35] All the crosslinked samples showed an increased Tg with a broadened 
transition region compared with their uncrosslinked counterparts because chain 
segmental motions were suppressed by the crosslinks, as also reported for crosslinked 
PPF.[7] The Tm and crystallinity (c) of the copolymers gradually increased with POSS 
because the POSS monomer was highly crystalline with a Tm of 172.9 C. A small 
endothermic peak at ~-10 C for the POSS monomer might be the pre-melting peak of its 
crystals,[26] which no longer appeared after crosslinking. The relative c values for 
uncrosslinked PPF-co-POSS were close to POSS, indicating that POSS crystals were 
introduced to the PPF backbone with no discernible confinement. However, the 
crystallinities of crosslinked PPF-co-POSS were greatly reduced by PPF crosslinks. The 
crystalline region of POSS was completely disrupted in crosslinked copolymers when 
POSS was lower than 10%. Thermal stability of crosslinked PPF and PPF-co-POSS was 
evaluated by using thermogravimetric analysis (TGA, Figure 5.3c) and their on-set 
thermal degradation temperatures (Td) are shown in Table 5.1. POSS could be indicated 
by the residue fraction as it decreased gradually from 10.7% for PPF to 8.3% for 
crosslinked PPF-co-POSS (POSS = 20%) and 0% for POSS monomer. Although the Td of 
the POSS used here was lower than that of PPF, crosslinked PPF-co-POSS had similar 
thermal stability to crosslinked PPF without showing variance among compositions, 
unlike increased thermal stability in other POSS-polymer composites.[13,21,37] 
Surface energy and wettability of crosslinked PPF and PPF-co-POSS were quantified 
using water contact angles. Because of the hydrophobic nature for both PPF[2,3] and 
POSS,[19-24] all the disks showed water contact angles of ~88 without significant 
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variance at 37 C. The ability of the disk surface to adsorb serum proteins from cell 
culture media was also quantified. The disk surface of crosslinked PPF-co-POSS could 
adsorb 1.9  0.1 g cm-2 serum proteins similar to crosslinked PPF, regardless of 
different compositions. Surface morphologies and roughness of the polymer disks were 
characterized using atomic force microscopy (AFM). All the samples had smooth, 
featureless surfaces with similar root-mean-square (rms) roughness between 6.3 ± 1.2 and 
7.8 ± 0.8 nm (Figure 5.3d) because they were photo-crosslinked between two smooth 
glass plates. Therefore, these surface factors showing little variance among all the 
crosslinked PPF-co-POSS disks could be ruled out in regulating cell behaviors. The 
optical images in Figure 5.3e showed that crosslinked PPF-co-POSS (POSS = 5% and 
10 %) disks were as transparent as crosslinked PPF, while the copolymer became 
translucent when the POSS moiety started to crystallize in the networks with phase 
separation at POSS greater than 10%, consistence with the DSC results discussed earlier. 
The phase structures of crosslinked PPF-co-POSS samples with POSS of 5% and 20% 
were demonstrated using transmission electron microscopy (TEM). As shown in Figure 
5.3f, random POSS-rich domains in a size of 10-30 nm were homogeneously dispersed in 
the networks for crosslinked PPF-co-POSS (POSS = 5%), consistent with the observation 
of ~15 nm aggregated POSS cured by 4,4-diaminodiphenyl sulfone.[38] The domain 
structures of POSS nanocages were further confirmed by the oxygen maps in the same 
area using electron energy loss spectroscopy. The oxygen maps with enhanced contrast 
showed scattered bright oxygen-rich areas corresponding to the POSS-rich domains in 
the TEM images, because the grafted POSS nanocages had much higher oxygen density 
than the PPF backbone. For crosslinked PPF-co-POSS (POSS = 20%), however, much 
larger POSS aggregates in a size of ~100 nm were observed in both TEM images and 
oxygen maps, similar to the observation in octaisobutyl POSS/nylon 6.[39] 
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Figure 5.4 Rheological and mechanical properties. (a) Zero-shear viscosities (0) of PPF 
and PPF-co-POSS at different temperatures. (b) Tensile stress-strain curves, (c) tensile 
and compressive moduli, *, p < 0.05 relative to crosslinked PPF, and (d) fracture 
toughnesses of crosslinked PPF and PPF-co-POSS at 37 °C. *, p < 0.05 higher than 
crosslinked PPF; #, p < 0.05 lower than crosslinked PPF. (e) Schematic deformation 
process under a tensile load. 
The zero-shear viscosities (0) showed no increase for all the copolymers compared 
with PPF at 100 C when POSS crystals were melted (Figure 5.4a). The result indicated 
that addition of free volume and plasticizer effect of amorphous POSS offset the effect of 
its bulkiness, similar to PS-co-POSS.[25] Good injectability and processability for the 
copolymers could be achieved because of the significant shear thinning effect observed at 
shear rates higher than 0.05 s
-1
 at 100 C. 0 increased at temperatures lower than the Tm 
values of the copolymers because of the crystalline state of POSS and this temperature 
dependence differed from that for the pure PPF melt, which can be described using the 
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Williams-Landel-Ferry (WLF) equation.[4,6] The monotonic increase for 0 with POSS 
in Figure 5.4a was also observed in  poly(ethylhydrosiloxane)-co-POSS.[37] The effect 
of covalently bonded POSS on the 0 of the copolymer was much greater than that in 
PMMA/POSS blends where the increase in 0 conformed to the prediction for hard-
sphere-filled suspensions.[26]  
Mechanical properties including moduli, strength, and fracture toughness were 
measured for crosslinked PPF and PPF-co-POSS at physiological temperature. Covalent 
incorporation of POSS in the PPF network significantly enhanced tensile modulus from 
697 ± 171 MPa for crosslinked PPF to 932 ± 194 and 1222 ± 255 MPa for crosslinked 
PPF-co-POSS with POSS of 5% and 10%, respectively. The tensile modulus decreased 
for crosslinked PPF-co-POSS when POSS was higher than 10%, possibly because of the 
lower crosslinking density. Both stress and strain at break were greatly improved by 
tethering nanostructured POSS (POSS < 10%) along the PPF backbone, as shown in the 
stress-strain curves in Figure 5.4b. The tensile stress at break was significantly increased 
from 21.4 ± 8.1 MPa for crosslinked PPF to 108.2 ± 17.2 MPa for crosslinked PPF-co-
POSS (POSS = 10%), while the tensile strain at break was also enhanced considerably by 
12 folds from 1.7 ± 0.8% to 20.2 ± 1.1%. However, the presence of crystalline POSS 
phase in the copolymers with POSS higher than 10% could greatly deteriorate the 
mechanical properties. The toughness quantified using the integrated area beneath the 
stress-strain curve first increased from 0.40 ± 0.17 MPa for crosslinked PPF to 3.91 ± 
1.55 and 18.8 ± 7.1 MPa for crosslinked PPF-co-POSS with POSS of 5% and 10%, 
respectively. Then the value decreased to 3.43 ± 0.47 for POSS of 15% and 0.44 ± 0.35 
MPa for POSS of 20%. In agreement with the tensile results, this non-monotonic or 
parabolic dependence on POSS with a maximum at 10% for crosslinked PPF-co-POSS 
was also observed in the compressive moduli (Figure 5.4c) and fracture toughness 
(Figure 5.4d). The fracture toughness was 0.302 ± 0.054 MPa m
1/2
, in agreement with the 
reported value for crosslinked PPF of a similar molecular weight.[14] A 62% increase of 
fracture toughness to 0.488 ± 0.098 MPa m
1/2
 was found for crosslinked PPF-co-POSS at 
POSS of 10%, while a 34% decrease was found at a higher POSS of 20%. These results 
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confirmed that simultaneous improvement in both stiffness and toughness, a long-
existing challenge in polymeric bone grafts, was achieved.[21-24]  
This non-monotonic phenomenon was also reported in polymers covalently linked 
with POSS, although no biodegradable polymers were explored. For example, POSS was 
used to toughen PMMA, where more than two-fold increase was observed in toughness 
and impact energy at POSS up to 5% and a larger loading of POSS reduced the 
toughness.[27] The mechanical properties of polyimide were enhanced by POSS-rich 
domains with POSS granular clusters of 50-80 nm, showing maximum tensile modulus 
and strength at POSS of 10%.[29] Bisphenol A glycerolate 
dimethacrylate/tri(ethylenglycol) dimethacrylate-based resin showed 15% increase in 
flexural strength and 12% increase in compressive strength at POSS of 2%, whereas a 
decrease was observed at higher POSS.[40] Diglycidyl ether of bisphenol A-based epoxy 
resin also exhibited parabolic dependence on POSS, where the maximum impact strength 
was achieved at POSS of 20%.[36] As illustrated in Figure 5.4e, the toughening 
mechanism of anchored POSS nanocages in PPF networks might be the shear yielding of 
nanovoids formed between POSS nanoaggregates because of the stress concentration 
generated under an external load.[38,41] These nanovoids would undergo further plastic 
deformation to the stress direction and induce shear yielding in the form of shear bands 
that could absorb and dissipate substantial fracture energy.[38,41] This mechanism was 
supported by the 10-30 nm POSS-rich domains indicated by the TEM images of 
crosslinked PPF-co-POSS (POSS = 5%), the feature dimension that could allow formation 
of nanovoids to release highly concentrated stress.[38,41] For crosslinked PPF-co-POSS 
(POSS = 20%), however, POSS aggregates in a size of ~100 nm could form crystalline 
regions that led to more brittle networks. 
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Figure 5.5 Degradation of crosslinked PPF and PPF-co-POSS in PBS at 37 °C for 6 
months (a) and proposed degradation mechanism (b). 
 
In vitro degradation of crosslinked PPF and PPF-co-POSS was examined in 
phosphate-buffered saline (PBS) at 37 C for six months. No detectable degradation was 
found for all the samples in the first two weeks, the duration for cell studies (Figure 5.5a). 
After one month incubation in PBS, all the samples started to show continuous weight 
loss. ~17% weight loss was found for crosslinked PPF after six months. In an accelerated 
degradation condition of 1 N NaOH solution, the degradation was previously found to be 
slower for crosslinked PPF of a higher molecular weight than that of a lower molecular 
weight, which could degrade completely in 4-5 weeks.[13] Using PBS to mimic 
physiological conditions, compared with the present result, a faster degradation (16.6% 
weight loss after six weeks) for crosslinked PPF of a lower molecular weight [14] and a 
slower degradation (~17% weight loss after 52 weeks) for crosslinked PPF of a higher 
molecular weight were reported.[2,42] The degradation rate gradually decreased when 
POSS increased, with only ~5% weight loss for crosslinked PPF-co-POSS (POSS = 20%) 
after six months. Although the lower crosslink density in the samples with higher POSS 
might increase the degradation rate,[2] the presence of POSS nanocages significantly 
impeded the hydrolytic degradation of the ester bonds in the PPF backbone. POSS 
nanocores were previously found to resist the degradation of the soft segments of PU.[43] 
The enzymatic hydrolytic degradation of PCL-based PU was also suppressed by 
covalently bonded POSS, whereas a physically blended POSS system was not.[28] A 
surface passivation mechanism was proposed to delay the hydrolytic degradation by 
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forming a homogeneous POSS-rich layer after initial erosion of polymer segments on the 
surface, as shown in Figure 5.5b. The PPF chains on the surface of the copolymers could 
be degraded through ester bonds to fumaric acid and 1,2-propane diol, non-cytotoxic 
small molecules at the current release rate,[44,45] leaving a nanodispersed POSS-rich 
layer that could retard further degradation of the copolymer network. Therefore, the 
integration of POSS into PPF proved as a useful method to tailor the biodegradability of 
the scaffolds for bone repair. 
 To evaluate the potential of crosslinked PPF-co-POSS as scaffold materials to 
promote bone regeneration, mouse pre-osteoblastic MC3T3-E1 cell attachment, 
spreading, proliferation, and differentiation on the disks of these samples were 
investigated. The number of viable MC3T3-E1 cells cultured in the presence of 
crosslinked PPF and PPF-co-POSS disks was similar to the positive control at days 1, 2, 
and 4 post-seeding. The result indicated that all the disks were non-cytotoxic with no 
leachable small molecules in the period for assessing cell attachment and proliferation, in 
agreement with our earlier finding of non-cytotoxicity of crosslinked PPF/methyacryl 
POSS disks.[13] All the samples could support attachment and proliferation of MC3T3-
E1 cells, which expressed spread-out phenotypes, as shown in the fluorescent images of 
actin filaments of MC3T3-E1 cells (Figure 5.6a).  




















































































































Figure 5.6 MC3T3-E1 cell attachment and proliferation. (a) Fluorescence images stained 
with rhodamine-phalloidin (red) and DAPI (blue) of the cells on crosslinked PPF and 
PPF-co-POSS disks at days 1, 2 and 4 post-seeding. Scale bar of 200 m is applicable to 
all. (b) Normalized cell attachment at 4 h, (c) cell area at day 1, and (d) cell numbers at 
days 1, 2, and 4. *, p < 0.05 relative to crosslinked PPF. 
 
At all time points, more cells were observed on crosslinked PPF-co-POSS with POSS 
up to 10% than on crosslinked PPF, while fewer cells could be seen on the samples when 
POSS was higher than 10%. MC3T3-E1 cell attachment monitored at 4 h was 
significantly higher with a value close to the positive control for crosslinked PPF-co-
POSS (POSS = 5%, 10%, 15%) than crosslinked PPF, which was similar to crosslinked 
PPF-co-POSS (POSS = 20%) (Figure 5.6b). A significantly larger cell spreading area at 
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day 1 was found on crosslinked PPF-co-POSS (POSS = 10%) than on crosslinked PPF 
while a relatively smaller area was found on crosslinked PPF-co-POSS (POSS = 20%), 
similar to the trend in cell attachment (Figure 5.6c). Cell proliferation over 4 days also 
exhibited a parabolic trend that maximized on crosslinked PPF-co-POSS (POSS = 10%), 
consistent with the cell images. As shown in Figure 5.6d, cells could proliferate faster on 
crosslinked PPF-co-POSS with POSS up to 15%. The proliferation index of MC3T3-E1 
cells, calculated by dividing the cell number at day 4 by the attached cell number, 
increased from 2.76  0.25 on crosslinked PPF to 2.89  0.27 on crosslinked PPF-co-
POSS (POSS = 10%) and then slightly decreased to 2.83  0.26 on crosslinked PPF-co-















































































































Figure 5.7  MC3T3-E1 cell differentiation and gene expression. (a) ALP activity and 
calcium content of the cells cultured for 14 days on crosslinked PPF and PPF-co-POSS 
disks, compared with cell-seeded TCPS as positive (+) control. OCN and ALP gene 
expression relative to GAPDH in MC3T3-E1 cells at day 14 on crosslinked PPF and 
PPF-co-POSS disks by (b) real-time PCR and (c) RT-PCR analysis. *, p < 0.05 relative 
to crosslinked PPF. 
 
Alkaline phosphatase (ALP) activity and calcium content as two representative 
indicators for early osteoblastic differentiation were evaluated for MC3T3-E1 cells 
cultured for 14 days. As shown in Figure 5.7a, both ALP activity and calcium content 
maximized on crosslinked PPF-co-POSS (POSS = 10%) and the values were significantly 
higher than those on crosslinked PPF. The results indicated that MC3T3-E1 cells could 
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continue to sense POSS after the proliferative period, a phenomenon that was also 
observed on crosslinked disks of methacryl POSS/PPF.[13] Reverse transcriptase (RT) 
and real-time PCR were further used to qualitatively and quantitatively assess the gene 
expression levels of ALP and osteocalcin (OCN), an late osteoblastic differentation 
marker, in the mRNA of MC3T3-E1 cells cultured on crosslinked PPF and PPF-co-POSS 
for 14 days. The expression level of OCN was much higher than that of ALP because 
ALP gene reached its peak value at the onset of differentiation and then drastically 
decreased, while OCN expression could continue to increase during the mineralization 
period, which occurred around two weeks post-seeding.[46] Nevertheless, the 
dependence for both genes on POSS was similar. As shown in Figure 5.7b and c, MC3T3-
E1 cells on crosslinked PPF-co-POSS (POSS = 10% and 15%) expressed significantly 
higher OCN and ALP levels than on the crosslinked PPF, consistent with the result for 
ALP activity and calcium content, indicating that both gene and protein expression could 
be regulated by POSS. 
    Understanding and modulating cell-biomaterial interactions is critical in bone tissue 
engineering.[30-32] Previously researchers have found that MC3T3-E1 cells could sense 
substrate stiffness and favor stiffer substrates of either hydrogels or hydrophobic surfaces 
with Young’s moduli from ~1 kPa to ~1 GPa.[30-32,47-49] The mechanotransduction 
mechanisms involve the crosstalk between actin-myosin associations and adhesion 
complexes such as integrins and focal adhesions (FAs).[47,48] Enhanced surface stiffness 
could activate integrins during cell attachment and foster the maturation of FAs during 
cell spreading.[47,48] Moreover, actin-myosin associations could probe and transmit 
mechanical signals from the substrate to the nucleus to increase Ca
2+
 influx across the 
cell membrane.[47] Both roles trigger the cascades of molecular pathways that regulate 
cell functions over the period of cell proliferation and differentiation. In this study, only 
the mechanical properties of the samples showed significant dependence on POSS, while 
little variance was found for surface topography and wettability. Compared with 
crosslinked PPF, simultaneous improvement in mechanical properties was achieved with 
75% increase in tensile modulus, 172% in compressive modulus, and 62% in fracture 
toughness when POSS was 10%. Thus, the promoted MC3T3-E1 cell functions on 
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crosslinked PPF-co-POSS (POSS = 10%) could be attributed to the mechanical cue, as no 
other factors could satisfactorily explain the present results. The significant increase in 
stiffness for the copolymer networks leading to promoted cell functions was similar to 
our previous report that MC3T3-E1 cell proliferation, differentiation, and osteocalcin 
gene expression were better on the stiffer disks made from PPF with a higher molecular 
weight.[13] The enhanced compressive modulus (~130 MPa) for crosslinked PPF-co-
POSS (POSS = 10%) was comparable to trabecular bone (50-500 MPa) [9-11,14] and its 
tensile strength (~110 MPa) was in the range for cortical bone (50-150 MPa).[50] 
However, the tensile modulus (~1.2 GPa) and fracture toughness (~0.5 MPa m
1/2
) of this 
polymer network were still lower than the values of 14-20 GPa and 2-12 MPa m
1/2
 for 
cortical bone.[50] The reason might be that the polymer molecular weights were 
controlled to be ~2000 g mol
-1
 in order to eliminate their variance at different POSS. The 
copolymer network could be much stronger with a molecular weight of ~3000 g mol
-1
 
and suitable for weight-bearing applications because of the strong molecular weight 
dependence for the mechanical properties of the network.[13]  
 
5.4 Conclusions 
I have synthesized a series of novel injectable, photo-crosslinkable, and 
biodegradable PPF-co-POSS copolymers, organic-inorganic nanohybrid polymers with 
POSS covalently tethered on the PPF backbone, via polycondensation. The tensile and 
compressive moduli and fracture toughness of crosslinked PPF-co-POSS showed unusual 
concurrent enhancement when POSS increased up to 10%, in which the crystallinity of 
POSS was completely confined. Further incorporation of POSS could decrease 
crosslinking density and induce brittleness from crystalline regions of POSS, leading to a 
decrease in stiffness and strain at break. In vitro MC3T3-E1 cell studies have been 
performed to assess the corresponding cell responses to this series of nanohybrid polymer 
networks. MC3T3-E1 cell functions including cell attachment, spreading, proliferation, 
differentiation, and gene expression maximized at POSS of 10%, indicating non-
monotonic or parabolic dependence on POSS, which might be attributed to the substrate 
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stiffness. The covalent incorporation of POSS into PPF network proves to be an excellent 
strategy for developing novel biodegradable materials with better mechanical properties 
and osteoconductivity for bone regeneration. 
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CHAPTER VI  
POLY(ETHYLENE GLYCOL)-GRAFTED POLY(PROPYLENE 
FUMARATE) NETWORKS AND PARABOLIC DEPENDENCE OF 
MC3T3 CELL BEHAVIOR ON THE NETWORK COMPOSITION 
 
6.1 Introduction 
Poly(propylene fumarate) (PPF) is a promising candidate biomaterial for orthopedic 
applications because its crosslinked form has excellent biocompatibility, mechanical 
properties, osteoconductivity, and biodegradability [1-3]. PPF has unique handling 
characteristics as it can be injected together with diluents and crosslinked by ultraviolet 
(UV) light or thermal initiation to fill bone defects or fabricate three-dimensional (3D) 
porous scaffolds with controllable pore size, porosity, and geometry [4,5]. Various 
oligomers or small molecules have been incorporated with PPF through copolymerization 
or blending and then crosslinking to achieve biomaterials with a wide range of tunable 
bulk and surface properties [6-15]. These oligomers and small molecules include poly(-
caprolactone) (PCL) diols [6], PCL fumarates (PCLFs) [7], polyethylene glycols (PEGs) 
[8-12], PEG dimethacrylates (PEGDMAs) [13], and diethyl fumarate (DEF) [14,15].  
Hydrophobicity is one limitation for crosslinked PPF in its applications because the 
wettability of medical devices is critical for allowing surrounding body fluids to penetrate 
and supply nutrients to cells and tissue that grow inside. Photo-crosslinked PPF has a 
water contact angle of ~90
o
 at room temperature [7]. In this study, I aim to modify and 
control the bulk and surface properties of crosslinked PPF with improved wettability 
which can be used to regulate cell responses. Surface graft reactions using PEG tethered 
chains or other hydrophilic polymers have been extensively applied to improve material 
hydrophilicity and wettability, rendering bio-interfacial properties such as protein and 
cell resistance and suppression of immunogenic activities, which are particularly crucial 
for blood compatibility [16-29]. As mentioned earlier, PPF network has been 
incorporated with PEG in the Mikos group and much attention was paid to hydrogel 
formed by the water-swellable PEG segments constrained by the PPF crosslinks [8-13]. 
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Reduced platelet adhesion was further revealed on the hydrogels formed by PPF-co-PEG 
multi-block copolymers [12].  
Instead of forming hydrogels, I presently photo-crosslink PPF with methoxy PEG 
monoacrylate (mPEGA) short chains and consequently achieve non-water-swellable PPF 
networks that is modified with PEG chains tethered on the surface and also inside. For 
mPEGA used here, I applied a new synthetic method by using potassium carbonate 
(K2CO3) as the proton scavenger in the condensation between methoxy PEG and acryloyl 
chloride. In contrast, mPEGA, PEGDMAs, and PEG diacrylates were previously 
synthesized via acrylation in the presence of triethylamine,[30-33] which was recently 
reported by us to form colored, water-soluble cytotoxic complexes with unsaturated acyl 
chlorides [34-38]. In this chapter, mPEGA with a double bond at one end can be 
incorporated together as pendant chains with PPF network via free radical 
polymerization. By grafting mPEGA short chains, I am able to modulate the mechanical 
properties, improve the hydrophilicity and wettability, and lubricate the surface of photo-
crosslinked PPF network, consequently regulate protein adsorption and cell behavior.  
Besides developing injectable, crosslinkable, non-cytotoxic, and biodegradable 
polymeric systems with improved processability and controllable bulk and surface 
properties such as swelling, thermal, mechanical, rheological properties, topology, 
frictional coefficient, hydrophilicity, and the capability of adsorbing proteins, another 
goal of this study is to investigate cell-biomaterial interactions on crosslinked 
mPEGA/PPF blends with varied surface physicochemical properties. Surface chemistry, 
morphological features, and surface stiffness are three major categories of factors in 
determining cell-biomaterial interactions, the essential and fundamental task in 
developing biomaterials for tissue engineering and clinical applications [39-41]. In the 
present study, with different amounts of mPEGA chains grafted onto PPF networks, I am 
able to control material characteristics and allow them to work collectively on modulating 
mouse MC3T3 cell behavior that includes cell attachment, spreading, proliferation, and 
differentiation. An unusual parabolic dependence of cell responses on the composition of 
crosslinked mPEGA/PPF blends is to be discussed in terms of competition between 
different factors.     
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6.2 Materials and methods 
6.2.1 Synthesis of methoxy poly(ethylene glycol) monoacrylate (mPEGA) and 
polypropylene fumarate (PPF) 
Methoxy poly(ethylene glycol) (mPEG) with a nominal molecular weight of 350 
g.mol
-1
 was purchased from Sigma (St. Louis, MO). All other chemicals were purchased 
from Sigma unless noted otherwise. Methylene chloride was dried and distilled over 
calcium hydride (CaH2) before the reaction. Acryloyl chloride was used as received. 
Ground K2CO3 was dried at 100 
o
C overnight and then cooled down in vacuum. As 
described in Scheme 6.1, mPEG, acryloyl chloride and K2CO3 were measured in a molar 
ratio of 1:3:3. mPEG was dissolved in methylene chloride (1:2 v/v) and placed in a 250 
mL three-neck flask along with K2CO3 powder. The mixture was stirred with a magnetic 
stirrer, to which a solution of acryloyl chloride in methylene chloride (1:10 v/v) was 
added dropwise using a pressure-equalizing dropping funnel. The reaction was 
maintained at room temperature under nitrogen for 24 hr. After reaction, the mixture was 
filtered to remove the solids composed of KCl, KHCO3, and unreacted K2CO3. The 
filtrate was then rotary-evaporated and added dropwise to diethyl ether. The oil-like 
product was further dried in vacuum. Gel permeation chromatography (GPC) was carried 
out at room temperature using EcoSEC GPC system (Tosoh Bioscience LLC, 
Montgomeryville, PA) with a RI-8320 detector (Tosoh Bioscience LLC) to measure the 
molecular weights (weight-average Mw, and number-average Mn) and polydispersity 
Mw/Mn of mPEG and mPEGA. Tetrahydrofuran (THF) was used as the eluent at a flow 
rate of 0.35 mL/min and standard monodisperse polystyrenes (PStQuick, Tosoh 
Bioscience LLC) were used for calibration. PPF (Mn = 1820 g.mol
-1
, Mw = 3410 g.mol
-1
) 
was synthesized in our laboratory according to the procedure described in earlier reports 
[1-3,6]. Homogeneous mPEGA/PPF blends were prepared by dissolving mPEGA and 
PPF with mPEGA weight compositions (mPEGA) of 5%, 10%, 20%, and 30% in 
methylene chloride and then fully dried.  
 














































































Scheme 6.1 Synthesis and photo-crosslinking of mPEGA/PPF. 
 
6.2.2 Characterization of mPEGA/PPF blends 
Fourier Transform Infrared (FTIR) spectra were obtained on a Perkin Elmer 
Spectrum Spotlight 300 spectrometer with a dedicated Diamond Attenuated Total 
Reflectance (DATR) accessory. 
1
H Nuclear Magnetic Resonance (NMR) spectra were 
acquired on a Varian Mercury 300 spectrometer using CDCl3 containing 
tetramethylsilane (TMS) as the solvent. Differential Scanning Calorimetry (DSC) 
measurements were performed on a Perkin Elmer Diamond differential scanning 
calorimeter in a nitrogen atmosphere. To keep the same thermal history, each sample was 
first heated from room temperature to 100 
o
C and cooled to –90 oC at 5 oC/min. Then a 
subsequent heating run was performed from –90 oC to 100 oC at 10 oC/min. 
Thermogravimetric analysis (TGA) was performed on a TA Q50 in flowing nitrogen at a 
heating rate of 20
 o
C/min. Zero-shear viscosities (0) of uncrosslinked mPEGA/PPF 
blends were measured from the Newtonian region at temperatures of 25, 37, 60, and 80 
o
C using a strain-controlled rheometer (RDS-2, Rheometric Scientific) in the frequency 
range of 0.1-100 rad/s. A 25 mm diameter parallel plate flow cell and a gap of ~0.5 mm 
were used.  
 
6.2.3 Photo-crosslinking of mPEGA/PPF 
Photo-crosslinking of mPEGA/PPF was initiated by the UV light (=315-380 nm) 
generated from a Spectroline high-intensity long-wave UV lamp (SB-100P, Intensity: 
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4800 uw/cm
2
) with the help of photoinitiator phenyl bis(2,4,6-trimethyl benzoyl) 
phosphine oxide (BAPO, Irgacure 819
TM
, Ciba Specialty Chemicals, Tarrytown, NY). In 
crosslinking, 75 L of BAPO/CH2Cl2 (300 mg/1.5 mL) solution was mixed with 
mPEGA/PPF blend solution in CH2Cl2 (1.5 g/500 L). The mixture was then transferred 
into a mold consisting of two glass plates (2.1 mm, thickness) and a Teflon spacer (0.37 
mm, thickness) or a silicone spacer (1.0 mm, thickness). The filled mold was placed 
under UV light for 20 min at a distance of ~7 cm from the lamp head. Crosslinked 
mPEGA/PPF sheets or disks were removed from the mold after cooled down to room 
temperature and then completely dried in a vacuum oven. Except for the measurements of 
swelling ratio and gel fraction, original crosslinked samples were soaked in acetone to 
remove the sol fraction and completely dried in vacuum for physical characterizations 
and cell studies.  
 
6.2.4 Characterizations of mPEGA/PPF networks 
FTIR, DSC, and TGA were performed on crosslinked mPEGA/PPFs as described in 
Section 2.2. The swelling ratios and gel fractions of mPEGA/PPF networks were 
determined by immersing two crosslinked mPEGA/PPF disks (~8 × ~1.0 mm, diameter × 
thickness) in water, phosphate buffered saline (PBS), and methylene chloride. After two 
days, polymer disks were taken out and weighed after blotted quickly. The solvent in the 
disks was subsequently evacuated and dry disks were weighed. By measuring the weights 
of original (W0), dry (Wd), and fully swollen (Ws) disks, their swelling ratios and gel 
fractions were calculated using the equations of (Ws-Wd)/Wd100% and Wd/W0100%, 
respectively. 
The tensile and compressive properties of crosslinked mPEGA/PPF specimens were 
implemented on a dynamic mechanical analyzer (DMTA-5, Rheometric Scientific). 
Briefly, polymer strips (~30 × ~1.5 × ~0.3 mm, length × width × thickness) were pulled 
and polymer disks (~2.5 × ~1.0 mm, diameter × thickness) were compressed at a strain 
rate of 0.001 s
-1
. At least five specimens for each sample were measured and averaged. 
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6.2.5 Surface morphology and coefficient of friction 
Surface morphology of crosslinked mPEGA/PPF disks was characterized using a 
multimode atomic force microscopy (AFM) with a Nanoscope III control system (Veeco 
Instruments, Santa Barbara, CA). Images were acquired using tapping mode at room 
temperature with a scan size of 20 × 20 m at a scan rate of 0.5 Hz. Topography of the 
surfaces was recorded simultaneously with a standard silicon tapping tip on a beam 
cantilever and the root mean square (RMS) roughness was calculated from height 
profiles. 
Frictional forces between a stainless steel plate and hydrated crosslinked 
mPEGA/PPF disks were measured using a rheometer (RDS-2, Rheometric Scientific), as 
described in detail previously [42,43]. In brief, crosslinked disks (~8 × ~1.0 mm, 
diameter × thickness) were attached onto the upper plate (25 mm, diameter) using 
double-sided tape. The interface between the disk and the lower plate was immersed in 
water. The torque, T, and the normal force, W, were detected when the lower plate rotated 
with an angular velocity of 10 rad/s, at a load sweep mode. Through the equation of F = 
4T/3R, the total frictional force F could be related to T, the total value over the velocity 
range from 0 to R, where R was the radius of disk. The coefficient of friction  was 
calculated using = F/W [42,43]. 
 
6.2.6 Contact angle and protein adsorption 
A Ramé-Hart NRC C. A. goniometer (model 100-00-230) was used in contact angle 
measurements for crosslinked mPEGA/PPF disks with water as the liquid phase to test 
the hydrophilicity of the disks [7,38]. 
    Protein adsorption on the disk surfaces was evaluated by immersing crosslinked 
mPEGA/PPF disks in culture medium for mouse MC3T3 cells (see Section 2.7) for 4 hr 
at 37 
o
C. The disks were then transferred into 48-well plates and washed using 600 L of 
PBS for three times with gentle agitation. Two hundred forty microliters of 1% sodium 
dodecyl sulfate (SDS) solution was put into these wells for 1 hr at room temperature and 
then collected in a plastic vial. This procedure was repeated three times and the 
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concentrations of protein in collected SDS solutions were determined on a microplate 
reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA) using a MicroBCA 
protein assay kit (Pierce, Rockford, IL) with albumin for constructing a standard curve. 
Protein adsorption profiles were measured on the thin films of crosslinked 
mPEGA/PPF blends using a quartz crystal microbalance (Q-sense E4, QCM-D, Glen 
Burnie, MD) at room temperature. The process of protein adsorption was monitored in 
real time by measuring the change in QCM frequency which can be taken as probe for the 
relative increase of serum protein adsorbed on the film surface. The QCM crystal was 
cleaned by immersion in acetone for 30 min and in an ammonia solution with 10% 
hydrogen peroxide for another 30 min. Then the crystal was treated in a UV-ozone 
system for 10 min, rinsed with water and dried with a jet of dry N2. Thin films with 
different mPEGA/PPF compositions were spin-coated on the QCM crystals using 0.1 
g/mL polymer solution in CH2Cl2 containing BAPO at 1000 rpm for 60 s. Then the film 
was photo-crosslinked under UV for 20 min. Deionized water with 2% fetal bovine 
serum (FBS, Gibco, Grand Island, NY) was used as the protein solution. A stable 
baseline with deionized water was established at a flow rate of 100 L/min for at least 5 
min. Then the protein solution at the same flow rate was added to the sample chamber 
and signals were recorded until the saturation of adsorbed protein. 
 
6.2.7 In vitro MC3T3 cell cytocompatibility, attachment, and proliferation 
Mouse MC3T3 pre-osteoblast cells (CRL-2593, ATCC, Manassas, VA) were 
cultured in vitro in Alpha Minimum Essential Medium (Gibco), supplemented with 10% 
FBS and 1% penicillin/streptomycin (Gibco). After plating, cell suspension was 
incubated in an incubator with 5% CO2 and 95% relative humidity at 37 
o
C. Cell culture 
medium was changed every two days and cells were split when they were 80% confluent. 
The cytotoxicity evaluation proceeded by harvesting MC3T3 cells at a density of 
~15000 cells/cm
2
 in a 24-well plate with 1 mL of primary medium. Polymer disks (~8 × 
~1.0 mm, diameter × thickness), placed in the trans-wells after sterilization in 70% 
ethanol and complete drying, were immersed in the culture medium and exposed to 
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MC3T3 cells for 1, 2, and 4 days. Wells seeded with MC3T3 cells at the same density in 
absence of polymer disks were used as positive controls and empty wells were used as 
negative controls. A colorimetric cell metabolic assay (CellTiter 96 Aqueous One 
Solution, Promega, Madison, WI) based on the MTS tetrazolium compound was 
performed. The number of viable cells was correlated to the UV absorbance at 490 nm 
measured on a microplate reader. Cell viability was then evaluated by normalizing the 
absorption values to those from the positive wells. 
MC3T3 cell attachment and proliferation were performed to demonstrate cell 
responses on different crosslinked mPEGA/PPF disks. Sterile disks were attached on the 
well bottom of 48-well plates using autoclaved inert silicon-based vacuum grease (Dow 
Corning, Midland, MI) to avoid floating in culture medium. Cells were seeded onto the 
polymer disks at a density of ~15000 cells/cm
2
 and cultured as described above for 4 hr, 
1, 2, 4 days. Attached cells were fixed in 16% paraformaldehyde (PFA) solution for 10 
min. After the removal of PFA solutions, cells were washed twice with PBS and 
permeabilised with 0.2% Triton X-100. Then the cells were stained using rhodamine-
phalloidin for 1 hr at 37 
o
C and 4,6-diamidino-2-phenylindole (DAPI) at room 
temperature for photographing using an Axiovert 25 light microscope (Carl Zeiss, 
Germany). Cell area was determined and averaged on 20 non-overlapping cells at day 1 
post seeding using ImageJ software (National Institutes of Health, Bethesda, MD). 
 
6.2.8 ALP activity and calcium content 
The alkaline phosphatase (ALP) activity and calcium content of MC3T3 cells 
cultured on crosslinked mPEGA/PPF disks for 7 days were measured using cell lysate 
prepared according to the method reported earlier [44,45]. The cells were washed twice 
with PBS, trypsinized and washed again by centrifugation at 1000 rpm for 4 min. The 
residues were re-suspended in 1 ml of 0.2% Nonidet P-40 and sonicated in an ice bath for 
2 min. The cell lysate was frozen at -20 
o
C before the ALP activity of cell lysate was 
measured using a fluorescence-based ALP detection kit (Sigma, St. Louis, MO) and a 
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standard curve constructed using different amounts of control enzyme. Calcium content 
was performed using QuantiChrom calcium assay kit (BioAssay Systems, Hayward, CA). 
 
6.2.9 Statistical analysis 
Student’s t-test was performed to assess the statistical significance (p < 0.05) of the 
differences between results. 
 
6.3 Results and discussion 
6.3.1 Characterization of mPEGA/PPF 
In this chapter, I applied a different method to synthesize mPEGA by using K2CO3 
as the proton scavenger instead of triethylamine because it could simplify purification 
steps and produce colorless polymers without being contaminated by the toxic complex 
formed between triethylamine and acryloyl chloride [34-38]. The synthesis of mPEGA 
was successful as indicated by structural characterizations. Due to acrylation, Mw and Mn 
increased from 290 and 363 g.mol
-1
 for mPEG to 327 and 416 g.mol
-1
 for mPEGA, 
respectively. The chemical structures of mPEG, mPEGA, and crosslinked mPEGA/PPF 
blends were confirmed using the FTIR spectra in Figure 6.1 and 
1
H NMR spectra. The 
absorption bands at 1740 cm
-1
 and 1635 cm
-1
 were attributed to ester carbonyl (C=O) and 
vinyl (H2C=CH-) groups, respectively [6,7]. The appearance of these two peaks in 
mPEGA was due to the acrylation of mPEG, while the absorption peak around 3500 cm
-1
 
for hydroxyl groups was significantly reduced. After crosslinking with PPF, the 
absorption peaks assigned for crosslinked PPF were dominant in FTIR spectra and the 
peak at 1635 cm
-1
 for the double bonds was reduced, however still existed because of 
incomplete consumption. The 
1
H NMR spectra of mPEGA also confirmed its structure by 
showing the chemical shifts () of 5.8, 6.1 and 6.4 ppm for vinyl (H2C=CH-) groups [35]. 
Other corresponding chemical shifts of mPEGA were at 3.5 ppm (q, 3H, -O-CH3-), 3.6 
ppm (PEG chain protons), and 4.3 ppm (t, 2H, -CH2-CH2-OCO-) [36]. 
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Figure 6.1 FTIR spectra of mPEG, mPEGA, and crosslinked PPF and mPEGA/PPF 
blends. 
 
DSC curves in Figure 6.2 from the heating run were used to obtain the glass 
transition temperatures (Tgs) for all the samples. All the blends showed no crystalline 
behavior because PPF was amorphous and the molecular weight of mPEGA was 
relatively low although it had a small melting peak at -7.85 
o
C as shown in Figure 6.2a. 
Only one Tg was found in all compositions, indicating good miscibility of PPF and 
mPEGA in the blends. In agreement with other miscible blends, the glass transition was 
much broader than the pure polymers because of micro-heterogeneity resulting from the 
different local chain friction coefficients for different components [46]. After 
crosslinking, the glass transition width increased further and eventually the transition was 
not discernible when the crosslinking density was high, as shown in Figure 6.2b. The 
composition dependence of Tg for both uncrosslinked and crosslinked mPEGA/PPF 
blends is described in Figure 6.2c. Tg decreased with the composition of mPEGA in the 
blends because of the involvement of mPEGA shorter chains. Crosslinked blends always 
had higher Tgs than their uncrosslinked counterparts because the segmental motions in 
the networks were significantly limited by the crosslinks. 
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Figure 6.2. DSC curves of (a) uncrosslinked and (b) crosslinked PPF and mPEGA/PPF 
blends and (c) composition dependence of Tg. 
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Figure 6.3. Zero-shear viscosities 0 of PPF and mPEGA/PPF blends at different 
temperatures. 
 
Zero-shear viscosities 0 of the blends at different temperatures were obtained from 
the Newtonian region where viscosity was independent of frequency and plotted in 
Figure 6.3. By adding mPEGA to PPF, lower viscosities could be achieved for all the 
blends, which will improve the processability or injectability of PPF and consequently 
facilitate the fabrication of polymer scaffolds using stereolithography [4]. At higher 
temperatures, the viscosities of the mPEGA/PPF blends decreased and the composition 
dependence of viscosity was weaker. When mPEGA was higher, the temperature 
dependence of blend viscosity was also weaker as the distance between the measurement 
temperature and the sample’s Tg was greater. The Williams-Landel-Ferry (WLF) 
equation was used to model the temperature dependence of viscosities, especially at Tg + 
20
 o
C < T < Tg + 100 
o





( ) ( )T
C T TT






                           (1) 
In eq. 1, C1 (dimensionless) and C2 (in K) are two constants, bT is the vertical shift 
factor, and T0 is the reference temperature. bT can be safely ignored here because it 
depends very weakly on temperature and is close to unity. Temperature dependence can 
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be fitted perfectly using the WLF equations with a squared correlation coefficient R
2
 of 
0.9992 when T0 was set as 25
 o
C. The resulted fitting constant C1 decreased from 8.32 for 
PPF to 7.79, 7.65, 5.95 and 5.53 for mPEGA/PPF blends at mPEGA compositions of 5%, 
10%, 20%, and 30%, respectively. Correspondingly, C2 increased from 102.1 to 107.4, 
109.4, 127.2, and 146.6 K. 
 
6.3.2 Bulk properties of photo-crosslinked mPEGA/PPF 

















































Swelling ratios in water or PBS
 
Figure 6.4. Swelling ratios of crosslinked PPF and mPEGA/PPF blends in methylene 
chloride, water or PBS. Inset: Gel fractions of crosslinked PPF and mPEGA/PPF blends 
in methylene chloride. 
    
  As shown in Figure 6.4, the swelling ratios of crosslinked mPEGA/PPF blends in 
methylene chloride increased with more grafted mPEGA chains because the acrylate end 
group in mPEGA could polymerize by itself and resulted in much lower crosslinking 
densities in the blend networks compared to crosslinked PPF when crosslinked at the 
same condition. Unlike crosslinked PPF/PEGDMA blends with substantial swelling in 
water,[13] no swelling in water or PBS was observed for all crosslinked mPEGA/PPF 
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blends as expected from the molecular design. It is advantageous for surgical 
implantation as no distortion of the scaffold shape or change in its designed dimensions 
will result from swelling while surface hydrophilicity still remains. The gel fraction of 
crosslinked PPF in methylene chloride was as high as ~98% while it gradually decreased 
to ~80% when the composition of mPEGA increased to 30%. Nevertheless, a gel fraction 
of ~80% was sufficiently high for maintaining a stable and integrate network even after a 
rigorous soak in a good organic solvent. The gel fractions of photo-crosslinked 
mPEGA/PPF blends in water were also measured and found to be 99.0 ± 0.8%, indicating 
that no substantial mPEGA chains were lost in water. 
To demonstrate the thermal stability in processing and verify the network 
compositions, TGA thermograms of crosslinked mPEGA/PPF blends are shown in Figure 
6.5 and the onset thermal degradation temperature (Td) obtained from Figure 6.5 are 
listed in Table 6.1. All the samples had one single degradation step. Td decreased with 
increasing the composition of mPEGA, from 353 
o
C for crosslinked PPF to 276 
o
C for 
crosslinked mPEGA/PPF 30%, demonstrating less thermal stability after grafting short 
PEG chains. Meanwhile, the residue at 600 
o
C decreased progressively from the value of 
12.7% crosslinked PPF to 5.6% for crosslinked mPEGA/PPF 30%, indicating 
composition-dependent thermal stability. 
 


















PPF - 353 144380 13710 
mPEGA/PPF (mPEGA = 5%) - 335 33244 68.75.7 
mPEGA/PPF (mPEGA = 
10%) 
5.2 322 2708.2 50.95.5 
mPEGA/PPF (mPEGA = 
20%) 
-19.5 295 1777.9 37.83.6 
mPEGA/PPF (mPEGA = 
30%) 
-33.1 276 733.8 19.12.9 
 
a 
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Figure 6.5 TGA curves of crosslinked PPF and mPEGA/PPF blends. 
 
The tensile and compression moduli of crosslinked mPEGA/PPF blends at 37
 o
C are 
listed in Table 6.1. Because all the networks were amorphous, their mechanical properties 
were mainly determined by the crosslink density [48]. Therefore, both tensile modulus 
and compressive modulus decreased significantly after incorporating mPEGA short 
chains with the PPF networks as the crosslinking density decreased. Unlike crosslinked 
PPF/DEF blends that were used for stereolithographic fabrication of bone scaffolds,[4,14] 
mPEGA chains monotonously decreased the stiffness of PPF network without showing a 
parabolic composition dependence for mechanical properties, i.e. a maximum in 
mechanical properties when the composition of PPF was between 0% and 100%.  
     
6.3.3 Surface properties and protein adsorption 
By using the Kuhn length b of 0.7 nm for PEG [49,50] and 0.86 nm for PPF [3] and 
the numbers of repeating units, N, from their molecular weights, the mean-square radius 
of gyration Rg
2
 was calculated to be 0.65 nm
2
 for mPEGA (
2
mPEGA,gR ) and 1.48 nm
2
 for 
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R                                           (2) 
Based on the molecular weights of PPF and mPEGA, the molar compositions of 
mPEGA (mPEGA) in mPEGA/PPF blends with mPEGA weight compositions of 2%, 5%, 
7%, 10%, 20%, and 30% were 9.6%, 21%, 28%, 37%, 57%, and 69%, respectively. 
Correspondingly, the coverage (C) of grafted mPEGA chains on the surface area of 
crosslinked mPEGA/PPF could be roughly estimated to be 4.4%, 11%, 15%, 21%, 37%, 
and 49% using eq. 3. Thus the disk surface was tethered by PEG pendant chains with a 


















                     (3) 
Surface lubrication is critical for tissue-contacting medical devices that used for 
catheterization in urinary, tracheal, and cardiovascular tracts, or for endoscopy because a 
low-friction or slippery surface would enable easy insertion and removal from a patient 
and generally PEG-grafted surfaces have lower surface frication [27,42,43,51]. I found 
that the frictional behaviors of hydrated crosslinked mPEGA/PPF disks conformed to 
Amonton’s law F = W [42,43] as linear relationship between the frictional force F and 
the normal force W were demonstrated in the inset of Figure 6.6. The frictional 
coefficient calculated from the slope of fitted straight lines decreased progressively and 
considerably by 44–fold from 0.31 for crosslinked PPF to 0.007 when mPEGA pendant 
chains were incorporated on the network surface at a composition of 30%, confirming the 
existence of mPEGA chains on the disk surface as well as in the bulk and modified 
interfacial interactions by such hydrodynamic lubrication. Similar to PEG-modified 
polydimethylsiloxane (PDMS),[27] remarkable lubricating effect (≤ 0.03) of pendant 
PEG chains was reproducibly achieved when the mPEGA composition was higher than 
10%.  
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Figure 6.6 Frictional coefficient between a stainless steel plate and hydrated crosslinked 
PPF and mPEGA/PPF blend disks. Inset: Frictional force vs. normal force for crosslinked 
PPF and mPEGA/PPF blend disks. 
 
As an indicator of surface hydrophilicity, the water contact angles shown in Figure 
6.7a decreased progressively from 87
o








 on the 
disks of crosslinked mPEGA/PPF blends with the mPEGA compositions of 5%, 10%, 
20%, and 30%, respectively. As expected, the above results indicated mPEGA pendant 
chains could greatly improve surface hydrophilicity. Protein adsorption (Figure 6.7a) 
measured using micro-BCA protein assay kit decreased continuously with increasing 
grafted mPEGA chains as the excluded volume of the hydrated polymer coils would 
generate strong repulsion to proteins [16-29,52]. The amounts of adsorbed protein 
examined using QCM, shown as the frequency shift in Figure 6.7b, had a similar trend at 
room temperature. With increasing the composition of mPEGA in crosslinked blends, 
protein adsorbed on the surface represented by the frequency shift decreased 
progressively. From the protein adsorption profiles, the majority of proteins were found 
to adsorb on the surface within 3 min. 
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Figure 6.7 (a) Contact angle and protein adsorption on the crosslinked PPF and 
mPEGA/PPF blends. (b) Protein adsorption profiles measured using a quartz crystal 
microbalance at room temperature. Inset: Frequency shifts of crosslinked PPF and 
mPEGA/PPF blends after adsorbing serum protein. The arrow in (b) marks the time when 
the serum protein solution was added to flow over the crystal. 
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Hydrophilic PEG pendant chains were found using AFM to influence local elasticity 
and surface energy of the PEG-grafted polyurethane-polystyrene network under water 
[53]. I also applied AFM to characterize the surface morphology and roughness of 
crosslinked mPEGA/PPF blends, as shown in Figure 6.8. All the polymer disks exhibited 
similar surface morphology and roughness because they were prepared using the same 
fabrication method, i.e. photo-crosslinking between two smooth glass plates, and all had 
gel fractions greater than 80%. The disks in this study were much smoother than the 
crosslinked PPF disks reported earlier, which were cut from thermally crosslinked 
cylinders [54]. In clear contrast with the value of 350 nm for the thermally crosslinked 
PPF disks, RMS roughness was 8.3, 8.1, 9.7, 7.3, 4.2 nm for the crosslinked 
mPEGA/PPF blends with the mPEGA composition of 0%, 5%, 10%, 20%, and 30%, 
respectively. Therefore, the role of surface morphology in influencing cell responses 
could be minimized in later discussion. 
 
Figure 6.8 AFM images of crosslinked PPF and mPEGA/PPF blend disks. 
 
6.3.4 Cell viability, attachment, spreading and proliferation 
Mouse MC3T3 cells were used to evaluate the potentials of crosslinked 
mPEGA/PPF blends as candidate biomaterials for bone regeneration and investigate the 
roles of different physicochemical factors in determining cell responses. Similar to PPF 
networks,[7,15] no detectable degradation could be observed for all the crosslinked 
mPEGA/PPF blends in PBS at 37 
o
C in one week. No cytotoxicity was shown when 
MC3T3 cells were cultured in the presence of crosslinked mPEGA/PPF disks for 1, 2, 
and 4 days. The fractions of viable cells normalized to the positive control were close to 
100% with no significant difference among all the blends, indicating no leachable toxic 
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molecules were released from the polymer disks within 4 days, during which cell 
attachment and proliferation were performed.  
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Figure 6.9 (a) Fluorescent images (red: stained using rhodamine-phalloidin, blue: stained 
using DAPI) of MC3T3 cells on crosslinked PPF and mPEGA/PPF disks 1, 2, and 4 days 
post seeding. The scale bar of 200 m is applicable to all. (b) Normalized MC3T3 cell 
attachment at 4 hr, (c) MC3T3 cell area at day 1, (d) Number of MC3T3 cells at day 1, 2, 
and 4 on crosslinked PPF and mPEGA/PPF blend disks post seeding, compared with cell-
seeded TCPS as positive (+) control. *, p < 0.05 compared to the data on crosslinked PPF 
at each time point.  
 
Cell attachment and spreading on polymer substrata are crucial for cell motility, 
growth, and organization of tissues when polymers are used in biomedical applications 
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[41]. Cell attachment was monitored at 4 hr post seeding. As shown in Figure 6.9b, the 
normalized number of attached MC3T3 cells first increased from crosslinked PPF to 
mPEGA/PPF (mPEGA = 7%) and then decreased when the mPEGA composition was 
higher, indicating that sparsely distributed mPEGA pendant chains could enhance cell 
attachment while densely distributed mPEGA chains prohibited cell attachment 
significantly. Figure 6.9c shows that the average area of attached cells at day 1 first 
increased from 2326507 m2 on crosslinked PPF to 2664400 m2 on crosslinked 
mPEGA/PPF with a mPEGA composition of 5% and then decreased at higher mPEGA 
compositions, demonstrating grafted mPEGA chains on the disk surface could weakly 
improve cell spreading at fairly low compositions of mPEGA.  
As demonstrated in Figure 6.9d, cell proliferation was enhanced on the surfaces with 
sparsely grafted mPEGA chains and it decreased at higher mPEGA. When the composition 
of mPEGA was 20% or 30%, no cell proliferation could be observed. MC3T3 cells 
stained using both rhodamine-phalloidin and DAPI at different time points in Figure 6.9a 
exhibited consistent results as most spread-out phenotype and fastest proliferation were 
found on the surfaces with mPEGA of 5%. Cell numbers decreased dramatically when the 
composition of mPEGA was more than 5% and cell phenotype tended to be smaller and 
round. No cells were found on the surfaces with mPEGA of 30%. As an indicator of cell 
proliferation, proliferation index (PI) was calculated by dividing the cell number at day 4 
by the initial attached cell number at 4 hr post seeding. PI increased from 2.64 for 
crosslinked PPF to 2.78 and 2.96 for crosslinked mPEGA/PPF disks with mPEGA of 2% 
and 5%, respectively. When the mPEGA in the crosslinked mPEGA/PPF disks increased 
further to 7% and 10%, PI decreased sharply to 2.16 and 1.34, respectively. Cells no 
longer proliferated and less spread-out phenotype was shown on the crosslinked blends 
with mPEGA higher than 10% because of the known repulsive effect of hydrated PEG 
pendant chains on the disk surfaces [16-29]. The doubling time of MC3T3 cells defined 
as ln2/ln(PI)×4 was determined to be 2.86, 2.71, 2.55, 3.61, 9.48 for crosslinked 
mPEGA/PPF disks at the mPEGA of 0%, 2%, 5%, 7%, and 10%, respectively. The above 
results indicated that a slightly faster cell proliferation could be achieved by modifying 
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the hydrophobic surface of crosslinked PPF with sparsely grafted PEG chains while 
densely grafted PEG chains would prohibit cell proliferation significantly.  
 
6.3.5 ALP activity and calcium content 
MC3T3 cell differentiation was characterized using ALP activity and calcium content, 
two representative indicators at the onset of osteoblastic differentiation [44,45]. As 
demonstrated in Figure 6.10, both ALP activity and calcium content maximized at mPEGA 
of 5% or 7% before they decreased as the composition of mPEGA increased further, 
showing statistically significant differences from crosslinked PPF and blends with other 
compositions. These results further confirmed that sparsely grafted mPEGA chains could 
enhance not only cell attachment, spreading, and proliferation, but also cell 
differentiation. 
















































Figure 6.10 ALP activity and calcium content of MC3T3 cells cultured on crosslinked 
PPF and mPEGA/PPF disks for 7 days. *
,
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6.3.6 Further discussions on cell-biomaterial interaction 
The determining factors for cell-biomaterial interactions can be majorly classified 
into three categories [39,40]. Chemical factors include different functional groups, 
surface energy or hydrophilicity, protein adsorption, and surface treatments with charges 
and/or extracellular matrix (ECM) proteins [39-41,55,56]. Topological features include 
surface patterns and surface roughness at both micro and nanometer scales, which can be 
used to control cell spreading, orientation, and proliferation through the contact guidance 
effect and different surface area [39-41]. Mechanical factors such as surface stiffness and 
hydrodynamic shear stress have been revealed to be critical in influencing cell responses 
as the actin-myosin interactions served as probing forces can activate stress-sensitive ion 
channels or protein conformational changes to affect the stability of focal adhesion sites 
[39,40,58-60]. 
In this study, the role of surface morphology can be omitted as all the disks 
demonstrated similar morphology and surface roughness, as discussed in Section 3.3 and 
Figure 6.8. The critical roles involved here were surface chemistry and mechanical 
properties. By incorporating different amounts of mPEGA pendant chains into PPF 
network, surface hydrophilicity was improved as indicated by the lower contact angles of 
water, while mechanical strength and the capability of adsorbing proteins from cell 
culture medium both decreased monotonously. Although some studies demonstrate a 
strong relationship between surface energy and cell proliferation, many do not [39-41,55-
57]. It is widely accepted that polymer surfaces with an intermediate surface energy and a 
water contact angle of ~50
o
 can support cell attachment and proliferation than those with 
higher or lower surface energies, because low protein binding will occur on more 
hydrophilic surfaces while more hydrophobic surfaces will induce adsorption of non-
adhesive proteins and denaturing of adhesive proteins [39]. Surfaces with lower stiffness 
and capabilities of adsorbing proteins from culture medium are generally believed to be 
less supportive for cell attachment and proliferation. In addition, it should be noted that 
different cell types might respond to a substrate differently [59]. 
These factors affected cell behavior collectively and resulted in a parabolic 
dependence on the composition of mPEGA with a maximum at mPEGA of ~5% for 
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MC3T3 cell attachment, proliferation, and differentiation, as demonstrated in Section 3.5. 
This phenomenon can be interpreted as follows. Improved hydrophilicity using sparsely 
grafted mPEGA chains on the disk surface was beneficial for cell culture medium to wet 
and spread and consequently cells tended to attach and proliferate better than more 
hydrophobic crosslinked PPF surfaces. When the disk surface was crowded with grafted 
PEG chains, the effects of interfacial hydration could resist both protein adsorption and 
cell attachment, which are often observed in PEG-modified surfaces of both polymers 
and inorganic solids [16-29,52]. Consequently, cell proliferation and differentiation were 
strongly interfered together with weakened surfaces. Therefore, cell responses can be 
controlled in both directions of increase and decrease through modifying the PPF network 
using different compositions of tethered PEG chains. This method renders a possibility of 
using concentration gradient materials consisting of mPEGA and PPF to facilitate cells to 
attach, proliferate, and differentiate in one area while preventing cells from functioning in 
another. As reported previously,[25,26,52] the length of pendant PEG chains on the 
surface will produce different results as the excluded volume of PEG chains will increase 
with molecular weight and consequently a lower composition can be expected for longer 
PEG pendant chains to achieving similar protein adsorption and cell responses.   
It should be noted that grafted mPEGA chains were not only on the surface, but also 
inside the bulk of the networks. The mPEGA/PPF networks presented here have 
advantages over other surface grafting methods such as surface-initiated polymerization 
because mPEGA/PPF networks are able to maintain the existence of PEG pendant chains 
even after degradation. By blending mPEGA short chains with PPF, I could improve the 
processability of PPF as the blends have much lower Tgs and viscosities. Moreover, 
lubricated surfaces with improved wettability resulted from a small amount of mPEGA 
pendant chains will be beneficial for cell migration and tissue growths into porous 3D 
structures [4,5,61] and less wearing concerns will be generated between the material and 
surrounding tissues. Based on these injectable and photo-crosslinkable blends with 
tunable mechanical properties and cell responses, I will investigate further on the design 
strategies for biomaterials and scaffolds, which will improve our understanding on the 
roles of different material characteristics in guided tissue regeneration. 
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6.4 Conclusions 
Based on mPEGA synthesized using a method of acrylating methoxy poly(ethylene 
glycol) (mPEG) in the presence of K2CO3 and a widely used bone-tissue-engineering 
biomaterial PPF, I have developed a series of miscible, injectable, and photo-
crosslinkable mPEGA/PPF blends with different compositions to modulate the bulk and 
surface characteristics of crosslinked disks. mPEGA pendant chains on the surface of 
crosslinked PPF do not result in swelling in water or surface morphology while they can 
significantly increase surface hydrophilicity. Tensile and compressive moduli, 
hydrophobicity, surface properties such as frictional coefficient and the capability of 
adsorbing proteins from cell culture medium decrease continuously with increasing the 
mPEGA composition. All these factors play important roles in influencing mouse 
MC3T3 cell behavior as MC3T3 cell attachment, spreading, proliferation, and 
differentiation all exhibit an unusual parabolic dependence on the composition of 
mPEGA that has a maximum at the mPEGA composition of ~5%. This study not only 
demonstrates that mPEGA pendant chains can enhance cell responses by increasing 
hydrophilicity when sparsely distributed on a hydrophobic surface while strongly resist 
protein adsorption and cell attachment when crowded, but also offers a facile method of 
improving the wettability, biocompatibility, and functionalities of crosslinked PPF 
scaffolds. 
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CHAPTER VII 
 EXPOSED HYDROXYAPATITE PARTICLES ON THE SURFACE 
OF PHOTO-CROSSLINKED NANOCOMPOSITES FOR 




Hydroxyapatite (HA) is the major inorganic component of bone mineral and shows 
excellent biocompatibility and osteoconductivity [1]. Because scaffolds made from solely 
HA nanoparticles are brittle, they have been incorporated with biodegradable polymers to 
form composite scaffolds for bone tissue engineering applications [1-4]. Specifically, 
poly-caprolactone) (PCL), poly(L-lactide) (PLLA), poly(lactide-co-glycolide) (PLGA), 
and poly(methyl methacrylate) (PMMA) have been used for this purpose via simple 
physical mixing or in situ preparation to enhance the mechanical properties, 
hydrophilicity, protein adsorption, and osteoconductivity of these polymer matrices [2-
17]. In-situ precipitation has also been used as an alternative method to generate HA 
nanoparticles for improving the interface between HA and polymer matrix [2,18,19]. 
Besides enhancing the bulk properties, HA can alter the surface characteristics of various 
materials and is widely used for coating metallic implant substrates to achieve better bone 
ingrowth [20].  
Unlike polymers with saturated chemical structures, injectable, photo-crosslinkable 
and biodegradable polymeric biomaterials have the ability to fill irregular bone defects 
and harden in situ. These polymers include poly(propylene fumarate) (PPF) [21-25], 
poly(-caprolactone fumarate) (PCLF) [25-29], PPF-co-PCL [30], PCL diacrylate 
(PCLDA), and PCL triacrylate (PCLTA) [31]. Using thermal or photo-crosslinking 
methods, PCLF, PPF, and polyanhydride have been used to form nanocomposites with 
improved mechanical properties and promoted bone cellular functions [32-37]. Three-
dimensional porous scaffolds with controlled pore geometries have also been fabricated 
for enhancing bone cell proliferation and ingrowth by using solid free-form technique and 
crosslinkable PPF/HA nanocomposites [38].  
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Although HA nanoparticles can form a homogeneous suspension with the solution 
of a crosslinkable polymer prior to solidification by thermal or photo-crosslinking, the 
amount of HA particles that can actually appear on the surface of a polymer network and 
interact with cells may not reflect the average value for the bulk. In a previous study on 
the composites consisting of poly(glycolide-co-lactide-co-caprolactone) and porcine-
derived xenogeneic bone (PDXB) from cancellous bone, surface etching using NaOH 
resulted more exposed hydrophilic PDXB and appropriate surface roughness, which 
favored its affinity with rat osteoblast-like cells [39]. Another unanswered question about 
polymer/HA nanocomposites is how the actual composition of HA on the surface can be 
influenced by the crystallinity of the matrix polymer, considering many biodegradable 
polymers are semi-crystalline.  
In a previous study by Wang et al., PCLF530 and PCLF2000 synthesized from PCL 
diols with nominal molecular weights of 530 and 2000 g/mol were photo-crosslinked 
with HA nanoparticles in a mold between two glass plates [32]. Different from 
amorphous crosslinked PCLF530/HA disks, semi-crystalline crosslinked PCLF2000/HA 
nanocomposites, with HA weight compositions (HA) from 0 to 30%, had similar 
compressive modulus and roughness and failed to show significant differences in cell 
proliferation, implying that HA nanoparticles might be buried during the crystallization of 
the matrix PCLF2000 network [32]. Moreover, the results on photo-crosslinked 
PCLF/HA disks prepared from molding were distinct from thermally crosslinked PPF/HA 
nanocomposite disks cut from cylinders [32,33]. With adding more HA, crosslinked 
PPF/HA disks had more exposed HA particles but similar surface roughnesses and 
compressive moduli [33]. These cut disks demonstrated drastic increments in 
hydrophilicity and protein adsorption, which consequently resulted in significantly faster 
proliferation of mouse MC3T3-E1 pre-osteoblast cells [33].  
Photo-crosslinkable PCLDAs have been synthesized in our group by reacting PCL 
diols with acryloyl chloride (AC) in the presence of potassium carbonate, other than 
widely used triethylamine (TEA) to avoid colorization from the complex between TEA 
and AC and to simplify purification steps [31,40]. Because PCLDAs have more reactive 
acrylate segments on the chain ends, photo-crosslinked PCLDAs have higher gel 
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fractions than their PCLF counterparts [31]. The material properties of crosslinked 
PCLDA can be well tuned by simultaneously controlling crystallinity and crosslinking 
density [31]. Similar to the networks based on PCLF530 and PCLF2000, crosslinked 
PCLDA530 is amorphous at room temperature (~22 °C) while PCLDA2000 is semi-
crystalline with Tm of ~40 °C [31]. Excellent cell viability but distinct cell behavior have 
been demonstrated on crosslinked PCLDA530 and PCLDA2000 using mouse MC3T3-E1 
cells and rat Schwann cell precursor line (SpL201) cells [31]. A wider range of 
mechanical properties has been achieved by using hybrid networks of PCLDA and PPF, 
demonstrating parabolic dependence of mechanical properties and cell behavior on the 
network composition when crosslinked PCLDA was semi-crystalline [41]. These material 
design strategies provide excellent model polymer systems for investigating cell-
biomaterial interactions, the essential task in tissue engineering applications of 
biomaterials [42-44].  
In this chapter, PCLDA530 and PCLDA2000 were photo-crosslinked with HA to 
form nanocomposite disks. I removed the top surface by using a blade to expose HA 
nanoparticles for comparison with the original disks in terms of surface characteristics 
and cell behavior on these disks. As shown in previous photo-crosslinked PCLF/HA 
nanocomposites, surface chemistry, morphology, and stiffness in determining cell-
material interactions were altered by incorporation of HA nanoparticles and preparation 
methods [32]. Besides the bulk and surface properties of these crosslinked PCLDA/HA 
nanocomposites, I have measured the amounts of HA on the surfaces of both original and 
cut nanocomposite disks and investigated the effect of amorphous or crystalline 
characteristics of PCLDA network substrates on the embedment of HA particles. Further, 
I have correlated these factors directly or indirectly with the results in MC3T3 cell 
attachment, proliferation, and differentiation. The systematic results on different 
comparative scenarios can be generalized to other polymer species when nanocomposites 
are prepared by directly mixing HA particles with polymer matrices for bone-tissue 
engineering applications. 
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7.2 Materials and methods 
7.2.1 Materials 
All chemicals used in this chapter were purchased from Sigma-Aldrich Co. 
(Milwaukee, WI) unless otherwise noted. Using the previous method, PCLDA530 and 
PCLDA2000 were synthesized from -telechelic PCL diols with nominal Mn of 530 
and 2000 g.mol
-1
, respectively [31]. The obtained PCLDA530 and PCLDA2000 have Mn 
of 1120, 3510 g.mol
-1
 and Mw of 1390, 5150 g.mol
-1
, respectively. HA nanoparticles 
(~100  ~20 nm, length  width) were purchased from Berkeley Advanced Biomaterials 
(Berkeley, CA). 
 
7.2.2 Photo-crosslinking of PCLDAs and PCLDA/HA composites 
All the polymer samples were crosslinked with ultraviolet (UV) light (Spectroline, 
SB-100P; intensity: 4800 w/cm2, wavelength315-380 nm) in the presence of a photo-
initiator, phenyl bis(2,4,6-trimethyl benzoyl)phosphine oxide (BAPO, IRGACURE 
819
TM
; Ciba Specialty Chemicals). Different amounts of HA and 1.5 g PCLDA were 
mixed at HA of 0, 10, 20, and 30% in 500 L CH2Cl2 with 75 L of BAPO/CH2Cl2 (300 
mg/1.5 mL). Homogeneous PCLDA/HA/BAPO/CH2Cl2 mixture was transferred into 
molds formed by a silicon spacer (1.0 mm, thickness) or a Teflon spacer (0.37 mm, 
thickness) between two glass plates (2.1 mm, thickness). The mold filled with the mixture 
was placed under UV light at a distance of ~7 cm from the lamp. Each side of the mold 
was exposed to UV light for 10 min to ensure efficient crosslinking on both sides. 
Crosslinked disks or sheets were detached from the mold after being cooled down to 
room temperature and dried in a vacuum oven. Crosslinked samples were soaked in 
acetone for two days and dried completely in vacuum before physical characterization 
and cell studies. To compare with the original disks, the top surface (~0.1 mm) of photo-
crosslinked PCLDA/HA nanocomposite disks were removed using a blade. 
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7.2.3 Bulk characterization of photo-crosslinked PCLDAs and PCLDA/HA composites 
The swelling ratios and gel fractions of crosslinked PCLDAs and PCLDA/HA 
composites were examined by immersing three disks for each sample in excess CH2Cl2. 
After two days, these disks were taken out of CH2Cl2, blotted dry, and weighed. The 
swollen disks were then completely dried in the vacuum and weighed again. By 
measuring the weights of the original (W0), dry (Wd), and fully swollen (Ws) crosslinked 
disks, their swelling ratios (S) and gel fractions () were calculated using the equations of 
S = (Ws-Wd)/Wd  100% and  = Wd/W0  100%, respectively.  
Fourier transform infra-red (FTIR) spectra were obtained on a Perkin Elmer 
Spectrum Spotlight 300 spectrometer with diamond Attenuated Total Reflectance (ATR) 
for both original and cut samples. Differential Scanning Calorimetric (DSC) 
measurements were performed on a Perkin Elmer Diamond differential scanning 
calorimeter in a nitrogen atmosphere. The same thermal history was applied to all the 
samples by first heating up to 100 °C and cooling to –80 °C at 5 °C/min. Then a 
subsequent heating run was performed from –80 to 100 °C at 10 °C/min. 
Thermogravimetric Analysis (TGA) was performed on a TA Q50 thermal analyst in 
nitrogen at a heating rate of 20 °C/min. The morphology of HA nanoparticles dispersed in 
crosslinked PCLDA2000/HA disks was characterized using a transmission electron 
microscope (TEM; H-800, Hitachi Instruments Inc.). Samples were fixed in epoxy resin 
and sectioned to thin films (~80 nm, thickness) using a microtome (PowerTome X 
Ultramicrotome, Boeckeler Instruments Inc.) with a diamond knife. An accelerating 
voltage of 75 kV was applied in imaging. 
The mechanical properties of photo-crosslinked specimens at both room temperature 
and 37 °C were determined using a dynamic mechanical analyzer (DMTA-5, Rheometric 
Scientific). Briefly, polymer strips (~30 × ~1.5 × ~0.3 mm, length × width × thickness) 
were stretched and polymer disks (~2.5 × ~1.0 mm, diameter × thickness) were 
compressed at a strain rate of 0.001 s
-1
. At least five specimens for each sample were 
measured and averaged. Linear viscoelastic properties of crosslinked PCLDA/HA disks, 
including storage modulus (or shear modulus) G', loss modulus G", and viscosity  as 
functions of frequency, were implemented using a strain-controlled rheometer (RDS-2, 
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Rheometric Scientific) at 60 °C. Rheological measurements were performed with a small 
strain (= 1%) using a parallel plate flow cell (8 mm, diameter) and a gap of ~0.5 mm, 
which was the disk thickness. 
 
7.2.4 Surface characterization of photo-crosslinked PCLDAs and PCLDA/HA 
composites 
A Ramé-Hart NRC C. A. goniometer (model 100-00-230) was used to measure the 
water contact angle on the disks. Approximately 1 L of distilled water (pH = 7.0) was 
injected onto the disk surface and the measurement was performed after an equilibrium 
time of 30 s. A tangent method was used to read the contact angle in degrees. For each 
sample, three disks were used and six data points were taken for calculating the average 
and standard deviation. Protein adsorption measurement was carried out as described 
previously [25,45]. Pre-wetted disks (~8 × ~1.0 mm, diameter × thickness) were 
immersed in MC3T3-E1 cell culture medium (see Section 2.5) for 4 h at 37 °C. The disks 
were washed first using PBS three times to remove unadsorbed proteins and then with 
1% sodium dodecyl sulfate (SDS) solution. The protein concentrations in the collected 
SDS solutions were determined using a microplate reader (SpectraMax Plus 384, 
Molecular Devices, Sunnyvale, CA). Albumin supplied in the MicroBCA protein assay 
kit (Pierce, Rockford, IL) was used to prepare solutions in SDS with known 
concentrations for constructing a standard curve. 
Surface morphology of crosslinked PCLDA/HA disks before and after cutting was 
characterized using a multimode atomic force microscopy (AFM) with a Nanoscope III 
control system (Veeco Instruments, Santa Barbara, CA) and scanning electron 
microscopy (SEM) (S-3500, Hitachi Instruments Inc., Tokyo, Japan). AFM images were 
acquired using tapping mode at room temperature with a scan size of 20 × 20 m and at a 
scan rate of 0.5 Hz. Topography of the surfaces was recorded simultaneously with a 
standard silicon tapping tip on a beam cantilever and the root mean square (rms) 
roughness was calculated from height profiles over three areas of 10 × 10 m. HA 
compositions on the disk surfaces were measured using Energy Dispersive Spectroscopy 
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(EDS, S-3500, Hitachi Instruments Inc.) at 10 kV.  
 
7.2.5 In vitro MC3T3 cell viability, attachment and proliferation 
Mouse MC3T3-E1 pre-osteoblast cells (CRL-2593, ATCC, Manassas, VA) were 
cultured in vitro in -Minimum Essential Medium (Gibco, Grand Island, NY), 
supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco). After plating, cell 
suspension was incubated with 5% CO2 and 95% relative humidity at 37 °C. Cell culture 
medium was changed every two days and cells were split upon 80% confluency. 
Prior to cell studies, polymer disks (~5 × ~1.0 mm for cytotoxicity evaluation; ~8 × 
~1.0 mm for attachment and proliferation, diameter × thickness) were sterilized in excess 
70% ethanol solution overnight, dried in vacuum, and washed with PBS twice. 
Cytotoxicity was determined by seeding MC3T3 cells in 24-well plates at a density of 
~15,000 cells/cm
2
 in 1 mL of primary medium immersed with sterile polymer disks 
placed in trans-wells (one disk per well) for 1, 2, and 4 days. Cell-seeded wells at the 
same density in the absence of polymer disks were used as positive controls and empty 
wells were used as negative controls. A colorimetric cell metabolic assay (CellTiter 96 
Aqueous One Solution; Promega, Madison, WI) based on the MTS tetrazolium 
compound was performed at days 1, 2, and 4 post-seeding. The number of viable cells 
was correlated to the UV absorbance at 490 nm measured on the microplate reader. Cell 
viability was then calculated by normalizing the absorption values to the average value 
from the positive control wells.  
MC3T3 cell attachment and proliferation were performed in 48-well tissue culture 
plates on sterile crosslinked PCLDA and PCLDA/HA composite disks in both original 
and cut forms. Disks were attached at the bottom of wells using autoclaved inert silicon-
based high temperature vacuum grease (Dow Corning, Midland, MI). Cells were seeded 
onto the polymer disks at a density of ~15,000 cells/cm
2
. Wells seeded with cells at the 
same density without polymer disks were used as positive controls and empty wells were 
used as negative controls. For cell attachment, unattached cells at 4 h were removed by 
washing twice with PBS before using MTS assay. The number of viable cells at 4 h, days 
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1, 2, and 4 post-seeding was quantified using MTS assay, as described earlier. Attached 
cells were fixed in 16% paraformaldehyde (PFA) solution for 10 min. After removing 
PFA solutions, cells were washed twice with PBS and permeabilised with 0.2% Triton X-
100. Then the cells were stained using rhodamine phalloidin for 1 h at 37 °C for 
photographing with an Axiovert 25 light microscope (Carl Zeiss, Germany). For 
characterizing cell spreading, cell area was determined and averaged on 20 non-
overlapping cells at 4 h post seeding using ImageJ software (National Institutes of Health, 
Bethesda, MD). 
 
7.2.6 ALP activity and calcium content 
The alkaline phosphatase (ALP) activity and calcium content of MC3T3 cells 
cultured on crosslinked PCLDA and PCLDA/HA disks for 7 days were measured using 
the cell lysates prepared as follows [46,47]. The cells were washed twice with PBS, 
trypsinized and washed again using a centrifuge at 1000 rpm for 4 min. The residues 
were re-suspended in 1 ml of 0.2% Nonidet P-40 and sonicated in an ice bath for 2 min. 
The cell lysate was frozen at -20 °C prior to measurement. The ALP activity of the cell 
lysate was determined using a fluorescence-based ALP detection kit (Sigma, St. Louis, 
MO) and a standard curve was constructed using different amounts of control enzyme. 
Calcium content was determined using QuantiChrom calcium assay kit (BioAssay 
Systems, Hayward, CA). 
 
7.2.7 Statistical analysis 
All experiments were conducted in triplicate except for the mechanical testing where 
n = 5. The data were expressed as means  standard deviation. One-way analysis of 
variance (ANOVA) with Tukey post hoc test was performed to assess the statistical 
significance (p < 0.05) of the differences between results. 
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Figure 7.1 Chemical structure of  PCLDA. 
 
7.3 Results and discussion 
7.3.1 Bulk characterization of crosslinked PCLDAs and PCLDA/HA nanocomposites  
     HA particles could form stable and homogenous precursor suspensions in 
PCLDA530/CH2Cl2 and PCLDA2000/CH2Cl2 solutions to ensure efficient photo-
crosslinking without forming substantial precipitates. Semi-crystalline crosslinked 
PCLDA2000 and PCLDA2000/HA nanocomposites were all white. Amorphous and 
transparent disks of crosslinked PCLDA530 turned white after HA particles were 
incorporated, similar to crosslinked PCLF/HA nanocomposites [32]. As demonstrated in 
Figure 7.1, the smaller molecular weight of PCL diol in synthesizing PCLDA530 allowed 
a higher efficiency in acrylation with more end-capping double bonds, which resulted in a 
higher crosslinking density than PCLDA2000 [31]. Therefore, the gel fraction of 
crosslinked PCLDA530 was 88%, significantly higher than 69% for crosslinked 
PCLDA2000, as shown in Figure 7.2a. Based on the fact that HA nanoparticles are 
insoluble in CH2Cl2, the “theoretical” gel fractions for crosslinked PCLDA/HA 
composites were predicted by the formula  = HA + (1- HA) × 0, where 0 was the 
experimental gel fraction for the pure PCLDA network [32]. The experimental results on 
gel fractions were in good agreement with the “theoretical” values (Figure 7.2a). With 
increasing HA, the gel fraction progressively increased to 91% for crosslinked 
PCLDA530/HA (HA = 30%) and 81% for crosslinked PCLDA2000/HA (HA = 30%), 
indicating that crosslinking occurred efficiently under UV light in the presence of HA 
and the crosslinked samples had good integrity with HA particles embedded inside. 
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Figure 7.2 (a) Gel fractions and (b) swelling ratios in methylene chloride of crosslinked 
PCLDA/HA nanocomposites, compared with theoretical values shown as dotted lines. 
 
As demonstrated in Figure 7.2b, the swelling ratios of crosslinked PCLDA530 and 
PCLDA530/HA nanocomposites with higher crosslinking densities were much lower 
than those of crosslinked PCLDA2000 and PCLDA2000/HA counterparts. After 
incorporating HA with the polymer networks, crosslinked PCLDA/HA nanocomposites 
of both series showed more greatly reduced swelling ratios compared with the 
“theoretical” values calculated from S = [(1- HA) × 0 × S0]/[(1 - HA) × 0 + HA], 
where (1- HA) was the weight fractions of the PCLDA network in the nanocomposites 
and S0 was the swelling ratio of the pure PCLDA network [32]. This phenomenon can be 
interpreted as that non-swellable HA particles could reduce the interactions between the 
solvent and polymer networks and prohibit the networks from swelling in CH2Cl2, 
consistent with the earlier observation for photo-crosslinked PCLF/HA nanocomposites 
[32]. Crosslinked PCLDAs and PCLDA/HA nanocomposites were not swellable in water 
or PBS at 37 °C.   
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Figure 7.3 ATR-FTIR spectra of both original and cut crosslinked (a) PCLDA530/HA 
and (b) PCLDA2000/HA nanocomposites as well as pristine HA. 
 
ATR-FTIR spectra of all the samples are shown in Figure 7.3 to semi-quantitatively 
indicated the amounts of HA incorporated in crosslinked PCLDAs. The absorption peaks 
at 2950 and 1740 cm
-1
 were assigned to methylene (-CH2-) and ester carbonyl (-C=O) 
groups for crosslinked PCLDAs, respectively. No evident peak was found at 1635 cm
-1 
for vinyl (H2C=CH-) groups in all the crosslinked samples, suggesting that the carbon-
carbon double bonds in PCLDAs were greatly consumed in the crosslinking and HA 
particles did not significantly block UV light from initiating crosslinking, which was also 
observed in photo-crosslinked PCLF/HA nanocomposites [32]. Pristine HA nanoparticles 
have characteristic peaks at 559 and 598 cm
-1
, and 1021 cm
-1
, owing to 4 and 3 
stretching modes of the phosphate (PO4) group [48]. The intensities of these peaks 
increased as more HA was added into the polymer networks. Cut disks exhibited slightly 
more prominent HA peaks than the original ones, indicating that more HA was exposed 
on the surface of the cut samples at the ATR penetration depth of ~1 m.  
The dispersion of HA nanoparticles in crosslinked PCLDA2000/HA (HA = 5 and 
30%) composites was shown in Figure 7.4. Although forming some aggregates, HA 
nanoparticles with their long axis of ~100 nm and short axis of ~20 nm could still be well 
dispersed in crosslinked PCLDA2000 networks at HA of 5-30%. It has also been 
demonstrated in earlier reports that good dispersion of HA nanoparticles could be 
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achieved by simple mixing and crosslinking in hydrophobic networks of PCLF [32] or 
PPF [33]. 
 
Figure 7.4 TEM images of cross sections of crosslinked PCLDA2000/HA 
nanocomposites with HA of (a) 5% and (b) 30%. Scale bar is 200 nm.  
 
Table 7.1 Thermal properties of crosslinked PCLDA/HA nanocomposites. 






c Td (°C) 
PCLDA530/HA  0% -60.2 - 0 - 0 0 405 
 10% -58.1 - 0 - 0 0 408 
 20% -57.4 - 0 - 0 0 411 
 30% -52.3 - 0 - 0 0 413 
PCLDA2000/HA  0% -57.5 40.1 44.5 2.7 44.8 0.34 413 
 10% -56.8 43.8 44.2 21.0 43.9 0.37 417 
 20% -55.4 44.4 40.4 21.6 40.1 0.38 415 
 30% -55.2 44.6 34.6 23.1 34 0.38 420 
 
 
The thermal properties of crosslinked PCLDAs and PCLDA/HA composites 
obtained from the DSC curves in Figure 7.5 are listed in Table 7.1. Crosslinked 
PCLDA530 and PCLDA530/HA nanocomposites were all amorphous, indicated by only 
one glass transition (Tg) in the heating run. Tg gradually increased from -60.2 °C for 
crosslinked PCLDA530 to -52.3 °C for crosslinked PCLDA530/HA (HA = 30%) 
nanocomposite, suggesting that PCL segments might be constrained by HA nanoparticles 
at high HA [32]. Though demonstrating a weak increase, Tg values were similar for 
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crosslinked PCLDA2000/HA samples at different HA because the crystallites in these 
semi-crystalline samples could also limit chain segmental motions. The crystallinities (c) 














  with the known cmH  value of 135 J/g for 
completely crystalline PCL, and the PCL composition in the nanocomposite PCL = (1-
HA)  97.5% [31]. Crosslinked PCLDA2000/HA nanocomposites were all semi-
crystalline with  weakly increasing melting point (Tm) from 40.1 to 44.6 °C and 
crystallinity from 34 to 38% by addition of HA. In contrast, the crystallization 
temperature (Tc) determined from the cooling run increased more dramatically from 2.7 
to 23.1
 
°C with increasing HA, indicating that HA nanoparticles could be nucleation sites 
for PCL segments to crystallize at higher temperatures during the cooling process in the 
DSC measurements. 
 
Figure 7.5 DSC curves of crosslinked PCLDA530/HA and PCLDA2000/HA 
nanocomposites measured in cooling and heating runs with arrows indicating the 
temperature change directions. 
 
The thermal stabilities of crosslinked PCLDAs and PCLDA/HA composites are 
demonstrated using the TGA thermograms in Figure 7.6. HA nanoparticles were stable at 
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temperatures up to 600 °C, as indicated in a previous report [32]. Only one degradation 
step at ~400 °C was found for all the crosslinked PCLDA/HA nanocomposites. The onset 
degradation temperature (Td) was 405 and 413 °C for crosslinked PCLDA530 and 
PCLDA2000, respectively. The weight fractions of residue at 600 °C were 4.8, 13.6, 21.6, 
30.7%, and 4.3, 12.2, 21.1, 33.0% for crosslinked PCLDA530/HA and PCLDA2000/HA 
at HA of 0, 10, 20, and 30%, respectively. The residue amount increased with HA 
proportionally and showed good agreement with the predicted values based on HA and 
the weight fraction of residue for crosslinked PCLDA [32]. The predicted weight 
fractions of residue were 14.3, 23.8, 33.6%, and 13.8, 23.4, 33.0% for crosslinked 
PCLDA530/HA and PCLDA2000/HA at HA of 10, 20, and 30%, respectively. The result 
indicated that HA particles could be completely trapped in the networks at expected 
amounts even after the sol fraction of the crosslinked composites was extracted using 
acetone. 
 
Figure 7.6 TGA curves of crosslinked (a) PCLDA530/HA and (b) PCLDA2000/HA 
nanocomposites. 
 
The tensile and compressive moduli of crosslinked PCLDAs and PCLDA/HA 
nanocomposites at both room temperature and 37
 
°C are listed in Table 7.2. HA 
nanoparticles as physical fillers greatly strengthened the polymer matrix, especially for 
semi-crystalline crosslinked PCLDA2000/HA nanocomposites. Tensile modulus at 37 °C 
increased gradually with HA, two folds from 5.98 ± 0.61 MPa for crosslinked 
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PCLDA530 to 12.4 ± 0.1 MPa for crosslinked PCLDA530/HA (HA = 30%) and seven 
folds from 70.0 ± 31.1 MPa for crosslinked PCLDA2000 to 519 ± 35 MPa for 
crosslinked PCLDA2000/HA (HA = 30%).  
Table 7.2 Mechanical properties of crosslinked PCLDA/HA nanocomposites at 37 °C. 
 HA Tensile modulus (MPa) Strain at break (%) Compressive modulus (MPa) 
PCLDA530/HA  0% 5.98 ± 0.61 (8.30 ± 1.05)* 7.5 ± 2.1 (7.2 ± 2.4) 6.38 ± 0.63 (8.51 ± 1.02) 
 10% 7.84 ± 0.13 (9.36 ± 0.17) 7.8 ± 3.1 (5.8 ± 0.7) 9.52 ± 1.37 (11.4 ± 2.1) 
 20% 8.50 ± 0.19 (10.0 ± 0.5) 6.1 ± 0.6 (6.2 ± 1.9) 15.9 ± 2.1 (18.4 ± 1.4) 
 30% 12.4 ± 0.1 (12.6 ± 0.3) 7.4 ± 2.2 (6.0 ± 2.0) 20.7 ± 2.0 (25.4 ± 2.3) 
PCLDA2000/HA  0% 70.0 ± 31.1 (290 ± 54) 13.2 ± 0.5 (13.7 ± 2.7) 49.3 ± 5.9 (124 ± 22) 
 10% 240 ± 41 (424 ± 18) 8.6 ± 0.7 (8.9 ± 3.6) 72.1 ± 11.5 (159 ± 27) 
 20% 381 ± 35 (638 ± 48) 6.1 ± 1.7 (7.3 ± 1.1) 106 ± 31 (204 ± 30) 
 30% 519 ± 35 (730 ± 37) 4.5 ± 2.1 (7.3 ± 1.8) 137 ± 32 (228 ± 59) 
*
 Data in parenthesis were obtained at room temperature. 
 
At the same HA, crosslinked PCLDA2000/HA nanocomposites were much stiffer 
and stronger than crosslinked PCLDA530/HA composites because of the enhancement of 
PCL crystallites [31]. When HA increased from 0 to 30%, the compressive modulus at 37
 
°C exhibited a similar trend with an increase from 6.38 ± 0.63 to 20.7 ± 2.0 MPa, and 
from 49.3 ± 5.9 to 137 ± 32 MPa for crosslinked PCLDA530/HA and PCLDA2000/HA, 
respectively. The tensile and compressive moduli for crosslinked PCLDA530/HA at 37
 
°C were slightly lower than those at room temperature because of more thermal motions 
from chain segments at a higher temperature. For crosslinked PCLDA2000/HA, the 
values were significantly lower because the crystalline domains could be partially melted 
at 37 °C. The tensile strain at break remained at a similar value of ~7.5% for crosslinked 
PCLDA530 and PCLDA530/HA composites at 37 °C but it decreased significantly for 
semi-crystalline crosslinked PCLDA2000/HA from 13.2 ± 0.5 to 4.5 ± 2.1%. It shows 
that HA particles had different effects on the mechanical properties of crosslinked 
PCLDA/HA nanocomposites when one matrix was amorphous and weak and another was 
semi-crystalline and tough. 
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Figure 7.7 Storage modulus G' (solid symbols), loss modulus G" (open symbols), and 
viscosity  (lines) vs. frequency for crosslinked (a) PCLDA530/HA and (b) 
PCLDA2000/HA nanocomposites at 60 °C. Squares with solid lines, circles with dashed 
lines, upward-pointing triangles with dotted lines, downward-pointing triangles with 
dash-dotted lines correspond to HA of 0, 10, 20, and 30%, respectively. 
 
Rheological properties including G', G", and are demonstrated as functions of 
frequency in Figure 7.7. The effect of matrix crystallinity was deliberately removed by 
performing the measurements at 60 °C in order to demonstrate the pure filler effect on the 
linear viscoelastic properties of crosslinked PCLDA/HA nanocomposites. Rubbery 
behavior was seen in all the samples in the frequency range of 0.1-100 rad/s, indicated by 
that G' was constantly higher than G" and G' did not have frequency dependence [49]. 
The shear modulus for crosslinked PCLDA530/HA was higher than that of its crosslinked 
PCLDA2000/HA counterpart at the same composition because of a higher crosslinking 
density, which was determined by a smaller molecular weight Mc between two 
neighboring crosslinks [31,50]. Shear thinning behavior for could be observed for all 
the samples. The enhancement in G', G", and  was significant at higher HA, similar to 
crosslinked PCLF/HA nanocomposites reported previously [32]. When HA increased 
from 0 to 30%, G' increased from 0.82 to 2.2 MPa for crosslinked PCLDA530/HA and 
more dramatically from 0.14 to 0.81 MPa for crosslinked PCLDA2000/HA.   
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Figure 7.8 AFM images and rms roughnesses of original and cut crosslinked 
PCLDA530/HA and PCLDA2000/HA nanocomposites. *, p < 0.05 compared to original 
(for PCLDA530) or cut (for PCLDA2000) crosslinked PCLDA/HA nanocomposites at 
HA of 10, 20, and 30%. +, p < 0.05 compared to original (for PCLDA530) or cut (for 
PCLDA2000) crosslinked PCLDA/HA disks at the same HA. 
 
7.3.2 Surface characterization of crosslinked PCLDAs and PCLDA/HA composites 
Surface characteristics such as the composition and distribution of HA nanoparticles 
exposed on the composite surface are critical for cell-material interactions and 
osteoconductivity of the composite [2]. I have characterized surface morphology and 
surface chemistry such as hydrophilicity and protein adsorption for both original and cut 
crosslinked PCLDAs and PCLDA/HA nanocomposites. Distinct surface morphologies of 
the original and cut disks were demonstrated by AFM images and the rms roughnesses in 
Figure 7.8. Because of a high gel fraction of ~90% and amorphous nature, crosslinked 
PCLDA530 had a smooth surface with an rms roughness of 8.9 ± 1.3 nm. It increased to 
74.7 ± 38.5, 53.6 ± 11.0, and 59.5 ± 5.0 nm for original crosslinked PCLDA530/HA 
nanocomposites, indicating that introduction of HA nanoparticles to amorphous polymer 
networks could roughen the surface.  
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Figure 7.9 SEM images of the surfaces of original and cut crosslinked PCLDA/HA 
nanocomposites. Scale bars of 25, 25, and 5 m from left to right on the first row are 
applicable for images in each column. 
 
Because fragile crosslinked PCLDA530 had large deformation in cutting, cut 
PCLDA530/HA composites with HA < 30% were significantly rougher with roughnesses 
at the micron scale, which was beyond the scope of AFM. When adding more HA (30%), 
crosslinked PCLDA530/HA was toughened by the particles and the cut surface had a 
lower rms roughness of 385.2 ± 19.5 nm. In clear contrast, original crosslinked 
PCLDA2000 and PCLDA2000/HA nanocomposites were rougher than their PCLDA530 
counterparts because they had lower gel fractions and surface could reorganize during 
purification and crystallization. Without showing composition dependence, the rms 
roughness varied from 225.9 ± 41.7 to 255.1 ± 10.0 nm for crosslinked PCLDA2000 and 
PCLDA2000/HA (HA = 30%), respectively. Unlike crosslinked PCLDA530/HA disks, 
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the rms roughnesses for cut crosslinked PCLDA2000/HA disks were significantly 
reduced to ~100 nm because of their semi-crystalline and stiff characteristics. Cut 
crosslinked PCLDA2000 had an even lower rms roughness of 36.7 ± 5.2 nm. For stiff 
thermally crosslinked PPF/HA nanocomposite disks cut from cylinders using an 
electronic saw, their rms roughnesses were ~400 nm [33]. 
 
Figure 7.10 (a) Weight percentage of exposed HA on the surfaces of original and cut 
PCLDA/HA nanocomposites calculated from (b) EDS spectra. 
 
Surface morphology and surface composition of original and cut crosslinked 
PCLDA/HA nanocomposites were further examined using SEM and EDS spectra. As 
shown in Figure 7.9, HA nanoparticles could be observed on the surface of original 
crosslinked PCLDA530/HA (HA = 30%) nanocomposites at the magnification of 5000 
times but were hardly seen on original crosslinked PCLDA2000/HA (HA = 30%). More 
exposed HA was found on cut crosslinked PCLDA530/HA (HA = 30%) though the 
sample became rougher. The actual weight compositions of HA on the surfaces of 
crosslinked PCLDA/HA nanocomposites measured using EDS are shown in Figure 7.10. 
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All the nanocomposites had Ca/P ratio from 1.6 to 1.7, close to the stoichiometric value 
of 1.67 for HA [2]. Crosslinked PCLDA530/HA composites with HA of 10 and 30% 
exhibited HA weight compositions of 7.8 and 19% on the original surfaces, respectively. 
These two values increased to 8.7 and 27% on the cut surfaces, which were closer to the 
feed amounts. The difference in the HA composition was more evident on the crystalline 
PCLDA2000/HA nanocomposites. There were more HA nanoparticles embedded 
underneath the top surface, indicated by the measured HA compositions of 6.5 and 17% 
for original crosslinked PCLDA2000/HA with HA of 10 and 30%, respectively. Cut 
crosslinked PCLDA2000/HA nanocomposites had better exposure of HA particles on the 
surfaces by showing HA compositions of 11 and 27%. The results indicated that HA 
nanoparticles were liable to be buried during the process of simple mixing and 
crosslinking. Serving as a nucleating agent, HA nanoparticles could be covered by 
crosslinked PCLDA2000 during crystallization. It should be noted that energy dispersive 
x-ray had a penetration depth of ~1 m on the sample surfaces so that the actual HA 
compositions on the very top surface (< 10 nm) could be even lower. Based on the 
findings on surface roughness and the composition of exposed HA on the top surface, 
four scenarios on the original and cut samples of crosslinked PCLD530/HA and 
PCLDA2000/HA are illustrated in Figure 7.11.   
 
Figure 7.11 Schematic description of different scenarios in crosslinked PCLDA530/HA 
(a) and PCLDA2000/HA (b) nanocomposites before and after surface removal.  
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As shown in Figure 7.12, the water contact angle and the capability of adsorbing 
serum proteins from cell culture media were investigated as two important surface 
chemical characteristics. The water contact angle indicates surface energy and the depth 
analyzed is 3-20 Å [51]. Original crosslinked PCLDA530 had a lower contact angle of 
52.0 ± 2.6° than that of 75.5 ± 1.0° on original crosslinked PCLDA2000, showing a 
higher hydrophobicity for a more crystalline surface [31]. No significant difference in 
hydrophilicity was found between original crosslinked PCLDA/HA nanocomposites at 
different HA, as also reported for crosslinked PCLF/HA nanocomposites [32]. In contrast, 
hydrophilicity was strongly influenced by the surface roughness and HA on the surface 
of cut samples. Cut crosslinked PCLDA530 with a much rougher surface had a 
significantly lower water contact angle (31.5 ± 2.4°) compared with the original surface. 
Compared to the original surfaces, the cut surfaces of crosslinked PCLDA530/HA had 
lower water contact angles because of exposed HA and roughened surfaces. With adding 
more HA, the cut surface demonstrated better hydrophilicity. The same trend was found 
for cut crosslinked PCLDA2000/HA nanocomposites that have similar surface 
roughnesses, indicating that hydrophilicity was improved by more HA nanoparticles 
exposed on the surface, as found on the cut surfaces of crosslinked PPF/HA composites 
[33].  
The capability for a surface to adsorb serum proteins is influenced by surface 
hydrophilicity, surface roughness, and the amount of exposed HA particles [2,42-44]. As 
shown in Fig.12b, more hydrophilic crosslinked PCLDA530 and PCLDA530/HA 
composites adsorbed more proteins than crosslinked PCLDA2000. Only a weak increase 
of 11.7% was found in the amount of proteins adsorbed on original crosslinked 
PCLDA2000/HA when HA increased from 0 to 30% because of similar hydrophilicity 
and lower surface roughnesses, although the amount of exposed HA particles increased. 
Meanwhile, the amount of adsorbed proteins steadily increased on the original surface of 
crosslinked PCLDA530/HA because of higher surface roughnesses and HA compositions. 
With a much higher surface roughness, the cut surface of crosslinked PCLDA530 could 
adsorb more proteins. Significantly higher protein adsorption was found in cut 
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crosslinked PCLDA2000/HA at HA of 20 and 30% than their original counterparts, 
resulted from a combination of two correlated factors; higher hydrophilicity and more 
exposed HA. 
 
Figure 7.12 (a) Contact angle of water and (b) protein adsorption on original and cut 
crosslinked PCLDA/HA nanocomposites. *, p < 0.05 compared to data on original 
crosslinked PCLDA/HA disks with the same HA. 
 
7.3.3 In vitro cell responses to crosslinked PCLDAs and PCLDA/HA nanocomposites 
     Mouse MC3T3-E1 cell responses to surface chemistry, topography, and mechanical 
properties of original and cut PCLDA/HA nanocomposites were characterized because 
these materials are potentially used for bone repair and regeneration. Two photo-
crosslinked PCLDA matrices used in this study have been reported to have excellent 
compatibility to MC3T3 cells in 4 days without containing any leachable toxic molecules 
[31]. No cytotoxicity was found for all the crosslinked disks in this study. Similar to the 
matrices [31], no detectable degradation was observed for crosslinked PCLDA/HA 
nanocomposites within 4 days for the cell study.  
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Figure 7.13 (a) Normalized MC3T3 cell attachment and (b) cell area at 4 h post-seeding 
on original and cut crosslinked PCLDA/HA nanocomposites, compared to cell-seeded 
TCPS as positive control. *, p < 0.05 compared to original crosslinked PCLDA/HA with 
the same HA. +, p < 0.05 compared to original crosslinked PCLDA530. #, p < 0.05 
between samples with HA of 0 and 30%. 
 
Cell attachment monitored at 4 h post-seeding is shown in Figure 7.13a. The 
normalized values to the cell numbers seeded on tissue culture polystyrene (TCPS) 
indicated that crosslinked PCLDA2000/HA nanocomposites were more favorable for 
MC3T3 cells to attach than crosslinked PCLDA530/HA, possibly due to higher surface 
stiffnesses from crystallite enhancement [31]. For crosslinked PCLDA530/HA, a 
significant increase in cell attachment was observed with adding more HA. In contrast, 
no significant difference was found for semi-crystalline crosslinked PCLDA2000/HA 
composites, indicating that the MC3T3 cell response might not reflect the bulk 
composition of HA because HA nanoparticles served as nucleating sites and were buried 
during the crystallization of PCL blocks. Benefited from its higher surface roughness, the 
cut surface of crosslinked PCLDA530 showed better cell attachment than its original 
smooth surface. There was also a significant increase in cell attachment on cut 
crosslinked PCLDA530/HA nanocomposites compared to their original counterparts as a 
result of rougher surfaces and more exposed HA, both of which improved surface 
hydrophilicity. Cut crosslinked PCLDA2000/HA nanocomposites showed a similar trend 
because of higher hydrophilicity and protein adsorption induced by more exposed HA, 
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despite lower surface roughnesses. Without HA, cut PCLDA2000 network with a 
smoother surface had similar cell attachment to those values for original disks.  
For quantification of cell spreading, cell area was determined at 4 h post-seeding and 
is shown in Figure 7.13b. Consistent with our earlier report on crosslinked PCLDA530 
and 2000 [31], MC3T3 cells could spread significantly better on the substrates with 
crosslinked PCLDA2000 matrix. Except cut crosslinked PCLDA530/HA, an insignificant 
increase in cell area was observed when HA increased and eventually there was a 
significant difference between the samples with HA of 0 and 30%.  
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Figure 7.14 (a) MC3T3 cell images stained using rhodamine-phalloidine at days 1 and 4 
and (b) MC3T3 cell numbers at days 1, 2, and 4 on original and cut crosslinked 
PCLDA/HA nanocomposites post-seeding, compared with cell-seeded TCPS as positive 
control. Scale bar of 200 m is applicable to all images in (a). *, p < 0.05 compared to 
data on original PCLDA/HA disks of same HA compositions at day 4. +, p < 0.05 
between any two samples in the group at day 4. #, p < 0.05 compared to original 
crosslinked PCLDA530. 
 
As shown in Figure 7.14, MC3T3 cell proliferation was represented by cell images 
and the corresponding cell numbers evaluated at days 1, 2, and 4 post-seeding. MC3T3 
cells stained using rhodamine phalloidin on the disks of original and cut crosslinked 
PCLDAs and PCLDA/HA (HA = 30%) nanocomposites at days 1 and 4 post-seeding are 
shown in Figure 7.14a. Consistent with the cell numbers in Figure 7.14b, an evident 
difference could be found between crosslinked PCLDA and PCLDA/HA (HA = 30%) in 
both original and cut forms. Because of enhanced mechanical properties and more 
exposed HA nanoparticles, cell proliferation was more significant on crosslinked 
PCLDA/HA nanocomposites with higher HA. When comparing the original and cut disks 
for the same sample, cut crosslinked PCLDA2000/HA nanocomposites showed 
significantly better cell proliferation because of more exposed HA nanoparticles, which 
also improved surface hydrophilicity and protein adsorption. In contrast, no significant 
difference was found for crosslinked PCLDA530/HA nanocomposites because of their 
much lower surface stiffness (Table 7.2) even after being strengthened by HA.  
Proliferation index (PI) was obtained to quantify cell proliferation by dividing the 
cell number at day 4 by the attached cell number at 4 h post-seeding [24,31]. As another 
indicator for cell proliferation, the doubling time of MC3T3 cells was calculated by using 
the equation of ln2/ln(PI)  4 [24,31]. PI increased from 1.96  0.18 on crosslinked 
PCLDA530 to 2.03  0.20 and 2.05  0.11 on original and cut crosslinked 
PCLDA530/HA (HA = 30%), respectively. The doubling time decreased from 4.12  
0.39 to 3.89  0.38 and 3.84  0.20 days on crosslinked PCLDA530, original and cut 
crosslinked PCLDA530/HA (HA = 30%), respectively. Faster cell proliferation was 
supported by stiffer, semi-crystalline PCLDA2000/HA nanocomposites, compared with 
weaker, amorphous crosslinked PCLDA530/HA substrates. On original crosslinked 
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PCLDA2000, PI was 2.66  0.10. Original crosslinked PCLDA2000/HA (HA = 30%) 
exhibited a similar PI value of 2.67  0.15 while PI increased significantly to 3.17  0.19 
for the cut surfaces. Correspondingly, the doubling time decreased from 2.81  0.15 to 
2.40  0.14 days. 
 
Figure 7.15 (a) ALP activity and (b) calcium content of MC3T3 cells cultured on original 
and cut crosslinked PCLDA/HA nanocomposites for 7 days. *, p < 0.05 compared to data 
on original PCLDA2000/HA disks with the same HA. +, p < 0.05 between any two 
samples in the group. #, p < 0.05 compared to original crosslinked PCLDA530. 
 
MC3T3 cell differentiation on crosslinked PCLDA/HA disks was characterized 
using ALP activity and calcium content for the cell lysates prepared after one-week cell 
proliferation was inhibited by confluency. As shown in Figure 7.15, these two well-
defined representative markers at the inception of osteoblastic differentiation showed 
trends similar to that in cell proliferation, indicating that cells could be differentiated 
better on the samples with higher stiffnesses and more HA. For semi-crystalline 
crosslinked PCLDA2000/HA, cut surfaces exhibited significantly higher ALP activity 
and calcium content than their original counterparts, indicating that more exposed HA on 
the cut surfaces could promote MC3T3 cell differentiation. Similar to cell proliferation, 
no evident difference in MC3T3 cell differentiation between the original and cut samples 
was observed for amorphous crosslinked PCLDA530/HA composites. 
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7.3.4 Further discussion 
Chemical, topological and mechanical properties are three major cues to affect cell 
behavior on polymer substrates [42-44]. Chemical factors include functional groups and 
grafted chains, characteristics and density of surface charges, surface energy, and 
capability of adsorbing proteins [42-44]. The latter two factors are related to topological 
factors such as surface roughness and patterns at the micro- or nano-scales [42-44]. 
Normally a rougher surface has more area for cells to attach through proteins or integrins 
on the cell membrane and to proliferate better [42]. The mechanical properties of a 
polymer substrate, such as surface stiffness, have also been demonstrated to be closely 
related to cellular functions, because mechanical signals can be probed by the actin-
myosin associations on the cell membrane and transduced to the nucleus, which in turn 
can modulate Ca
2+
 flux so as to regulate cell spreading, proliferation, and apoptosis [52-
54]. In this study, these three groups of determining cues were all altered drastically by 
varying matrix properties, incorporating HA nanoparticles, and removing the surface. 
These factors played distinct roles in different scenarios, as summarized in seven 
comparative pairs in Table 7.3. It is crucial to elucidate how these correlative factors 
work and the most effective one that influenced the cell behavior in each case.  
It is generally believed that polymers having a moderate surface energy and a water 
contact angle of ~50° are favorable for cell attachment and proliferation because a higher 
surface energy lowers protein binding whereas more hydrophobic surfaces will adsorb 
more non-adhesive proteins and denature adhesive proteins [42]. As discussed in Section 
3.2, original crosslinked PCLDA530 and PCLDA530/HA composites with water contact 
angles of ~50° exhibited slightly higher adsorption of serum proteins than more 
hydrophobic crosslinked PCLDA2000 and PCLDA2000/HA nanocomposites. The rough 
surface for cut crosslinked PCLDA530 had significantly higher hydrophilicity and 
protein adsorption compared to the original surface. For cut crosslinked PCLDA2000, 
despite a lower surface roughness, both hydrophilicity and protein adsorption were 
identical to the values for the original sample within experimental errors. Compared to 
original PCLDA2000/HA nancomposites, higher hydrophilicity and protein adsorption 
were found when HA increased for the cut samples with even lower roughnesses. It 
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indicated that the content of exposed HA particles could affect surface chemistry after 
cutting, consistent with the earlier observation that the surfaces of cut PPF/HA disks had 
better hydrophilicity and capabilities to adsorb proteins from culture media [33].  
 
Table 7.3 Different scenarios of surface characteristics and cell behaviors. 
























































 The symbols of “↑”, “↓”, “^”, and “↔” represent “significant increase”, “significant 
decrease”, “insignificant increase”, and “no change” when the sample changes from the 
first row to the second in “comparison”. b No significant difference among different HA. 
c
 Significant difference when HA > 10%. 
d
 Significant difference between HA = 0 and 
30% 
 
Without HA, surface roughness can be ascribed for the difference in cell behaviors 
on the original and cut disks of crosslinked PCLDA530. Since the roughness was even 
lower after cutting, no difference was observed for cell behaviors between original and 
cut crosslinked PCLDA2000. As elaborated in our earlier report [31], MC3T3 cells 
attached more and proliferated faster on crosslinked PCLDA2000 with a much higher 
surface stiffness in comparison to crosslinked PCLDA530. After adding HA, the tensile, 
compressive, and shear moduli of the matrices were all greatly enhanced. Both increased 
HA composition and enhanced stiffness promoted MC3T3 cell proliferation for original 
crosslinked PCLDA530/HA nanocomposites. The mechanical factor was the major 
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reason for original crosslinked PCLDA2000/HA composites because most HA particles 
might be covered by crystallization during surface reorganization after purification in 
acetone, as discussed earlier. It should be noted that surface morphology can change both 
surface chemistry and stiffness for similar polymer systems. For example, crosslinked 
PCLF2000/HA nanocomposites with lower hydrophilicity and protein adsorption had 
similar cell proliferation compared to crosslinked PCLF2000 with a much rougher 
surface [32].   
When comparing original and cut crosslinked PCLDA/HA nanocomposites, the 
composition of HA was the key issue because it determined surface chemistry and 
consequently influenced MC3T3 cell attachment, proliferation, and differentiation. With 
increasing HA, a significant increase was found in MC3T3 cell attachment on original 
crosslinked PCLDA530/HA but not on original crosslinked PCLDA2000/HA. In contrast, 
the cut surfaces in both series had more attached cells and demonstrated strong 
dependence on HA. This phenomenon indicated that the role of HA outweighed surface 
stiffness in directly facilitating cell attachment because more exposed HA nanoparticles 
on original PCLDA530/HA disks and cut samples, which greatly improved 
hydrophilicity and supplied more cell binding sites [2,32,33]. The composition of HA and 
surface stiffness demonstrated different means to influent cell proliferation. For cut 
samples, the composition of exposed HA particles was crucial in promoting cell 
proliferation, as demonstrated previously by faster MC3T3 cell proliferation on the cut 
surfaces of crosslinked PPF/HA nanocomposites when adding more HA [33]. Note that 
the surface roughness and compressive modulus in those crosslinked PPF/HA disks did 
not show evident variance over the HA composition [33]. In this study, the effect of 
exposed HA nanoparticles was also demonstrated in MC3T3 cell differentiation as higher 
ALP activity and calcium content were found at the sites for differentiation upon 
increasing HA on the cut surfaces. 
Surface characteristics can be very different from the bulk properties for 
heterogeneous polymer systems such as nanocomposites and blends. Fabrication methods 
can also influence the difference between the top surface and the bulk. This phenomenon 
is widely observed in other nanocomposites. For example, polymer nanocomposite spun 
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fibers filled by carbon nanotubes or nanofibers had radial anisotropy or a skin-core 
morphology [55-59]. The core had more nanotubes or nanofibers but they were 
misoriented while the skin had fewer but with higher degree of orientation [55-59]. It is 
also reported that nanoparticles tended to migrate below the surface in polymer 
composites and the surface mainly showed the characteristics of polymer matrix [60,61]. 
The very top surface in polymeric systems should be emphasized especially when the 
crystalline structure was involved. In our recent work on PPF/PCL blends in the absence 
or presence of crosslinks, the effect of surface segregation was found to influence cell 
attachment, spreading, and proliferation because more PPF chains with a higher mobility 
could appear more on the blend surface [62]. Surface removal using the cutting method 
presented in this report is an effective method to avoid the barrier of crystalline networks 
and improve the functions of HA in the composites. It should be noted that when the 
thickness of the removed layer is within a few microns, instead of ~0.1 mm in this study, 
different composition of HA on the cut surface will be expected and consequently 
different surface characteristics will influence the cell behavior.  
Besides improving our understanding on cell-biomaterial interactions, this study also 
provides useful injectable and crosslinkable materials for preparing composites with 
enhanced mechanical properties and promoted osteoconductivity by incorporation of 
bioactive HA particles. In future, further characterizations of HA compositions on the 
surface of amorphous and semi-crystalline polymer networks will be performed using 
nanoindentation and grazing incidence x-ray diffraction. Porous three-dimensional 
PCLDA/HA nanocomposite scaffolds with heterogeneous distribution and structural 
parameters will be fabricated using solid free-form fabrication methods [38,63,64]. 
Optimal structural features can also be achieved by this series of injectable and photo-
crosslinkable composite systems to induce bone formation in vivo.  
 
7.4 Conclusions 
Photo-crosslinked amorphous PCLDA530/HA and semi-crystalline 
PCLDA2000/HA nanocomposites with HA of 10, 20, and 30% as well as photo-
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crosslinked PCLDAs have been prepared using a molding technique between two glass 
plates. These nanocomposites have been extensively characterized in terms of thermal, 
mechanical, and rheological properties, surface characteristics such as morphology, 
hydrophilicity, composition, and capability of adsorbing serum proteins. The role of 
exposed HA particles on the surface in influencing MC3T3 cell behavior has been 
emphasized. Mechanical properties including tensile, shear, and compressive modulus 
have been greatly improved by incorporating HA nanoparticles as physical fillers. HA 
particles have been found to disperse unevenly from the top surface to the bulk, 
especially in semi-crystalline crosslinked PCLDA2000/HA nanocomposites where 
crystallization occurred over HA nanoparticles. A cutting step using a blade was applied 
to expose embedded HA nanoparticles and resulted in higher hydrophilicity and more 
protein adsorption with increasing HA, in contrast with invariant surface hydrophilicity 
found for original crosslinked PCLDA/HA nanocomposites. Semi-crystalline crosslinked 
PCLDA2000/HA nanocomposites with higher stiffness could better support cell 
attachment than amorphous crosslinked PCLDA530/HA. With more exposed HA 
nanoparticles, the cut surfaces of crosslinked PCLDA/HA nanocomposites had 
significantly more attached cells when compared to the original surfaces for the same 
sample. Enhanced mechanical properties and increased HA composition collectively 
promoted MC3T3 cell proliferation and differentiation on both original and cut surfaces 
of crosslinked PCLDA530/HA and PCLDA2000/HA nanocomposites. The cut surfaces 
of semi-crystalline crosslinked PCLDA2000/HA nanocomposites exhibited best cell 
proliferation and differentiation among these four groups of samples, indicating their 
potentials as scaffold materials with enhanced mechanical properties, improved 
wettability, and promoted cell functions for bone tissue engineering applications. 
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CHAPTER VIII  
LUBRICATED BIODEGRADABLE POLYMER NETWORKS FOR 
REGULATING NERVE CELL BEHAVIOR AND FABRICATING 
NERVE CONDUITS WITH A COMPOSITIONAL GRADIENT 
 
8.1 Introduction 
As what I reviewed in the first chapter, injuries to the nervous systems are 
challenging medical problems that may lead to life-long disabilities.[1-4] Tissue 
engineering nerve guides made from biodegradable polymers have been extensively 
explored and offer novel therapeutic approaches, especially for peripheral nerve 
injuries.[1-6] For central nervous system (CNS) damage caused by trauma or disease 
(e.g. spinal cord injury), current interventions are still unsuccessful in achieving 
functional recovery despite numerous tissue engineering techniques.[3,4] Tubular 
scaffolds are needed in both scenarios for guiding and protecting axons.[1-7] An ideal 
nerve guide should facilitate neutropic and neutrophic communication between the 
proximal and distal ends of the nerve gap, block external inhibitory factors and undesired 
fibrous tissue that potentially elicits endoneurial scarring, and provide physical guidance 
and a permissive environment for fostering axonal regrowth.[1-7]  
Injectable and photo-crosslinkable poly(-caprolactone) diacrylate (PCLDA; Figure 
8.1) has great promise for diverse medical applications.[8] PCLDA can be synthesized 
using facile condensation between poly(-caprolactone) (PCL) diol and acryloyl chloride 
in the presence of potassium carbonate (K2CO3) which serves as a proton scavenger.[8,9] 
After photo-crosslinking, PCLDA networks have excellent cytocompatibility and 
convenient handling characteristics.[8]  By varying the molecular weight of the PCL diol 
precursor, the crosslinking density and crystallinity of PCLDA network can be regulated 
simultaneously to obtain a wide range of mechanical properties.[8] Compared with PCL 
fumarate (PCLF) which has been used to fabricate nerve conduits for guiding axonal 
growth,[10,11] PCLDA has more reactive acrylate end-capping segments and can more 
efficiently form networks with better-defined crosslinking density. Previously I have used 
PCLDA to demonstrate the feasibility of fabricating three-dimensional (3D) porous 
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scaffolds and nerve conduits with desired geometries for potential applications including 
peripheral nerve regeneration.[8] In contrast to their amorphous counterparts, semi-
crystalline PCLDA networks with higher stiffness, mechanical strength, and toughness 
could better support attachment, spreading, and proliferation of mouse MC3T3-E1 cells 
and rat conditionally immortalized Schwann cell precursor line (SpL201) cells.[8] 
PCLDA have also been blended and photo-crosslinked with hydroxyapatite (HA) 
nanoparticles [12] and polypropylene fumarate (PPF) [13] to improve bulk and surface 















































































Figure 8.1 Photo-crosslinking of mPEGA/PCLDA. 
 
Despite many advantages, the hydrophobic nature of semi-crystalline PCLDA 
networks limits their performance as nerve conduit materials. One reason is that poor 
wettability prohibits body fluids and nutrients from diffusing efficiently into the conduit. 
In addition, lack of surface lubrication increases the friction and inflammatory reactions 
around a conduit after implantation.[14] Tethering hydrophilic chains such as 
poly(ethylene glycol) (PEG) is one widely used method to improve surface wettability 
while suppressing protein adsorption and cell attachment.[14-17] Recently I crosslinked 
low-molecular-weight methoxy PEG monoacrylate (mPEGA; Figure 8.1) with 
hydrophobic PPF and found the wettability could be greatly improved and the surface 
was lubricated while the modified networks were not water-swellable, which are all 
advantageous for clinical applications.[18] When the mPEGA composition (m) was 5-
7% and the tethered PEG chains were sparsely distributed on the surface of crosslinked 
PPF/mPEGA, MC3T3-E1 cell attachment, spreading, proliferation, and differentiation 
were enhanced.[18]  
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The objective of this study was to modify the bulk and surface characteristics of semi-
crystalline PCLDA networks by incorporating 0-30% mPEGA through photo-
crosslinking (Figure 8.1) and to understand the effect of tethered PEG chains on the 
behavior of both neuronal and glial cells. Surface characteristics of polymer substrates 
such as chemistry, topology, and stiffness are crucial in regulating cell fate.[4,19] Cell 
types used in this study include rat pheochromocytoma (PC12), rat SpL201 cells, and 
embryonic day 14 (E14) mouse neural progenitor cells (NPCs). Glial SpL201 cells can 
differentiate into early Schwann cell-like cells, and upregulate Oct-6 and myelin gene 
expression upon forskolin treatment, which is used to mimic axonal signals in vitro.[20] 
PC12 cells are neuronal-like cells that can respond to nerve growth factor (NGF) and 
grow neurites in vitro and are a widely used model for studying cell signaling and 
neuronal communication.[21] NPCs, one kind of self-renewing and multi-potent neural 
stem cells with more limited capacities in growth and differentiation, can produce 
differentiated, functional progeny including neurons and glial phenotypes and are used in 
transplantation to repair injured or diseased CNS.[22]  
Using these three nerve cell types for different aspects in evaluating the polymer 
networks prepared in this study for nerve tissue engineering applications, I have 
characterized cell attachment, spreading, proliferation, and differentiation on the polymer 
surfaces and correlated with surface properties including stiffness, friction, 
hydrophilicity, and the capability of adsorbing proteins from culture media. Based on 
non-monotonic dependence of cell behavior on the composition of crosslinked 
mPEGA/PCLDA, I have fabricated heterogeneous compositional-gradient nerve conduits 
that are able to meet the requirement of promoting nerve cell functions inside the tube 
while preventing cell attachment on the outer surface. This study provides a possible 
solution to the long-existing problem of inhibiting undesirable scar tissue formation on a 
nerve graft.[1-4,6] 
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8.2 Experimental Section 
8.2.1 Synthesis and Crosslinking 
     All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless otherwise 
noted. mPEGA (Mn = 330 g mol
-1
, Mw = 420 g mol
-1
) and PCLDA (Mn = 3510 g mol
-1
, 
Mw = 5150 g mol
-1
) were synthesized by reacting methoxy polyethylene glycol (mPEG) 
and PCL diol (Mn = 3470 g mol
-1
, Mw = 5200 g mol
-1
) with acryloyl chloride in the 
presence of K2CO3, respectively.[8,18] mPEGA and PCLDA were dissolved in CH2Cl2 to 
form homogeneous mixtures at m of 0, 2%, 5%, 10%, 20%, and 30%. Polymer solutions 
mixed with photo-initiator phenyl bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO, 
Irgacure 819
TM
, Ciba Specialty Chemicals, Tarrytown, NY) were crosslinked with 
ultraviolet (UV) light (= 315-380 nm) from a Spectroline high-intensity long-wave UV 
lamp (SB-100P, Intensity: 4800 w/cm2) for 20 min. Except for the measurements of 
swelling ratio and gel fraction, crosslinked polymer samples (~8 × ~0.8 mm, diameter × 
thickness) were soaked in acetone to remove the sol fraction and completely dried in 
vacuum. Then these disks were compressed between two smooth glass plates at 60 C 
when they were amorphous to minimize surface roughness induced by crystallization. 
8.2.2 Characterization of Polymer Bulk Properties 
     The 0 data of uncrosslinked mPEGA/PCLDA blends were measured from the 
Newtonian region at temperatures from 50 to 100 C using a strain-controlled rheometer 
(RDS-2, Rheometric Scientific) donated by Patel Scientific in the frequency range of 0.1-
100 rad/s. A parallel plate flow cell with a diameter of 25 mm and a gap of ~0.5 mm were 
used. FTIR spectra were obtained on a Perkin Elmer Spectrum Spotlight 300 
spectrometer with a dedicated diamond Attenuated Total Reflectance (ATR) accessory. 
DSC measurements were performed on a Perkin Elmer Diamond differential scanning 
calorimeter in a nitrogen atmosphere. The same thermal history was kept for each sample 
by first heating from room temperature to 100 C and then cooling to –80 C at 10 
C/min. A subsequent heating run was performed from –80 to 100 C at 10 C/min. 
Using the methods reported by us 6, the swelling ratios of mPEGA/PCLDA networks 
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were determined by immersing two crosslinked disks (~8 × ~1.0 mm, diameter × 
thickness) in PBS and CH2Cl2 separately, while the gel fractions were measured only in 
CH2Cl2. The rheological properties of crosslinked samples were performed at 37 and 60 
C with a small strain (= 1%) with an 8 mm diameter parallel plate flow cell and a gap 
of ~0.5 mm, depending on the thickness of polymer disk. The tensile properties of 
crosslinked mPEGA/PCLDA specimens were implemented at 37 C on a dynamic 
mechanical thermal analyzer (DMTA-5, Rheometric Scientific). Briefly, polymer strips 
(~30 × ~1.5 × ~0.3 mm, length × width × thickness) were pulled at a strain rate of 0.001 
s
-1
. At least five specimens for each sample were measured and averaged.  
8.2.3 Characterization of Polymer Surface Properties 
Frictional forces between a stainless steel plate and hydrated crosslinked 
mPEGA/PCLDA disks were measured using the same rheometer and the method 
reported previously.[18] Hydrophilicity of the disks was quantified by the water contact 
angle measurements using a Ramé-Hart NRC C. A. goniometer (model 100-00-230).8 
Protein adsorption on the disks was evaluated by immersing crosslinked 
mPEGA/PCLDA disks in the culture media for rat SpL201 cells for 4 h at 37 C. A 
MicroBCA protein assay kit (Pierce, Rockford, IL) was used for quantification with 
albumin for constructing a standard curve.[8] Surface morphology of crosslinked 
mPEGA/PCLDA disks was characterized using AFM (Nanoscope III control system, 
Veeco Instruments, Santa Barbara, CA). Images were acquired in the tapping mode at 
room temperature with a scan size of 20 × 20 m and a scan rate of 0.5 Hz. Surface 
topography was recorded simultaneously with a standard silicon tapping tip on the beam 
cantilever. Root mean square (rms) roughness (Rrms) was calculated and averaged from 
the height profiles of three AFM images. 
8.2.4 In vitro SpL201 and PC12 Cell Attachment, Proliferation, and Differentiation 
Rat SpL201 cells were cultured in a growth medium consisting of Dulbecco’s 
modified eagle media (DMEM; Gibco, Grand Island, NY), 10% fetal bovine serum (FBS, 
Gibco), 1% penicillin/streptomycin (Gibco), and 10 ng mL
-1
 human recombinant EGF 
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(Pepro Tech Inc., Rocky Hill, NJ). Rat PC12 cells were cultured in a growth medium 
containing F-12K media (Gibco), 15% horse serum, 5% FBS and 1% 
penicillin/streptomycin in an incubator with 5% CO2 and 95% relative humidity at 37 C. 
SpL201 and PC12 cells were seeded onto 70% alcohol-sterilized disks of crosslinked 
mPEGA/PCLDA at a density of ~15,000 cells per cm
2
 for 4 h, 1, 4, and 7 days. A 
colorimetric cell metabolic assay (CellTiter 96 Aqueous One Solution, Promega, 
Madison, WI) was performed on three parallel samples from one group at each time 
point. Using a standard curve, the number of viable cells was correlated to the UV 
absorbance at 490 nm measured on a microplate reader. For differentiation, SpL201 cells 
were treated with differentiation medium containing DMEM, 10% FBS, 1% 
penicillin/streptomycin without EGF, but with 20 M forskolin for 7 days. PC12 neurites 
were induced in a growth medium supplemented with 50 ng mL
-1
 NGF for 7 days. Cells 
were fixed in 4% paraformaldehyde (PFA) solution for 10 min and blocked with PBS 
containing 0.3% Triton X-100 and 1% bovine serum albumin (BSA) at room temperature 
for 30 min at room temperature. Fluorescent images were taken on both cells and PC12 
neurites stained using RP (Cytoskeleton Inc., Denver, CO) on an Axiovert 25 light 
microscope (Carl Zeiss, Germany). Differentiated SpL201 cells were stained with 
primary antibody of mouse monoclonal anti-oligodendrocyte marker O4 antibody 
(1:1000; R&D Systems, Minneapolis, MN) at 37 C for 1 h and then at 4 C overnight. 
Cells were washed using PBS containing 1% BSA for three times, and stained with 
secondary antibody of goat anti-mouse IgM-FITC (1:100) at 37 C in the dark for 2 h. 
After washing with PBS for three times, cells were counter-stained with 4',6-diamidino-
2-phenylindole (DAPI) at room temperature for photographing. SpL201 cell area and 
PC12 cell neurites were analyzed and averaged from at least 100 cells. 
8.2.5 In vitro NPC Cell Attachment, Proliferation, and Differentiation  
E14 mouse NPCs were cultured in serum-free growth media containing DMEM/F12 
media (Invitrogen) with 2% StemPro neural supplement (Invitrogen), 20 ng mL
-1
 basic 
fibroblastic growth factor (bFGF; Invitrogen), 20 ng mL
-1
 epidermal growth factor (EGF 
recombinant human, Invitrogen), 1% GlutaMAX (Invitrogen), and 1% 
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penicillin/streptomycin. NPC cell attachment and proliferation were performed and 
analyzed using the same procedure for SpL201 cells mentioned earlier. For NPC 
differentiation, the growth media were removed after cells attached onto the polymer 
disks and replaced with the differentiation media containing DMEM/F12 media, 1% 
FBS, 1 M all-trans-retinoic acid, and 1% GlutaMAX. NPCs were cultured in the 
differentiation media for additional 7 days. After fixation and blocking, cells were 
incubated with a diluted primary antibody, mouse monoclonal anti--tubulin III (1:500) 
for neurons or mouse monoclonal anti-GFAP (1:500) for astrocytes, at 37 C for 1 h and 
then at 4 C overnight. After being washed in PBS that contains 1% BSA for three times, 
cells were stained with a secondary antibody of goat anti-mouse IgG-FITC (1:100) at 37 
C in the dark for 2 h. Finally cell nuclei were counter-stained using DAPI for 
photographing. Differentiation in terms of positive antibody expression was quantified by 
counting the number of cells in each image that expressed the marker and dividing it by 
the total number of cells identified by DAPI staining. At least 10 images were analyzed 
and averaged.  
8.2.6 Nerve Conduit Fabrication 
 Using a mold composed of a glass tube, a stainless steel wire, and two Teflon end-
caps,[10] homogeneous nerve conduits were fabricated by transferring and photo-
crosslinking mPEGA/PCLDA precursor solutions (m = 5%) in the mold. Heterogeneous 
nerve conduits were fabricated by dipping the steel wire with mPEGA/PCLDA precursor 
solutions (m = 5%) and placed in the center of the mold. Then mPEGA/PCLDA 
precursor solution (m = 30%) was injected into the mold. The filled mold was rolled to 
allow two solutions to diffuse extensively prior to photo-crosslinking. All the conduits 
were crosslinked, purified, and sterilized in the same fashion mentioned previously. 
SpL201 cells was seeded by immersing the polymer tubes in a growth medium with 
floating cells and cultured for 1 day before fixation. The PEG compositions of the 
compositional-gradient nerve tube at different positions along the wall thickness were 
characterized using FTIR. The cross-section of the tube was cut and placed on the sample 
stage whose movement could be precisely controlled. FTIR spectra were obtained from a 
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single pixel of 25  25 m at positions of 0, 20%, 40%, 60%, and 100% of the thickness 
from the inner to the outer wall. 
8.2.7 Statistical Analysis 
All statistical computations were performed by analysis of variance (ANOVA) 
followed by Tukey post-test as needed. The values were considered significantly different 
if the p-value was less than 0.05. 
 
8.3 Results and Discussion 
8.3.1 Bulk Characteristics  
Homogeneous mixtures of mPEGA/PCLDA with different m were characterized in 
terms of zero-shear viscosity (0) at temperatures from 50 to 100 C (Figure 8.2a). This 
measurement range was above the melting temperature (Tm) of semi-crystalline PCLDA, 
49.1 C.[8] Blending mPEGA short chains into PCLDA could significantly decrease 0. 
At 50 C, 0 was 0.63 Pa.s for PCLDA and this value decreased progressively to 0.22 
Pa.s for mPEGA/PCLDA (m = 30%). 0 further decreased with increasing temperature. 
For mPEGA/PCLDA (m = 30%) at 100 C, it was only 0.06 Pa.s. Lower 0 achieved by 
adding mPEGA could facilitate flow of PCLDA and improve its injectability or 
processability in stereolithographic fabrication of conduits or scaffolds.  
The chemical structures of crosslinked mPEGA/PCLDA were characterized using 
FTIR spectra (Figure 8.2b). The absorption peaks assigned for crosslinked PCLDA were 
dominant in the spectra. For example, prominent peaks at 1740 and 2950 cm
-1
 were found 
for ester carbonyl and methylene groups, respectively. The peak for vinyl groups at 1635 
cm
-1
 observed in the spectrum of mPEGA was not evident for the crosslinked samples, 
suggesting that the carbon-carbon double bonds were largely consumed through efficient 
crosslinking.  
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Figure 8.2 Physical properties of uncrosslinked and crosslinked mPEGA/PCLDA 
samples. (a) Temperature dependence of zero-shear viscosity 0 for uncrosslinked 
samples. (b) FTIR spectra of mPEGA and crosslinked samples. (c) Swelling ratios of 
crosslinked samples in CH2Cl2 and water. Inset: Gel fractions of crosslinked samples 
obtained in CH2Cl2. (d) DSC curves of crosslinked samples. (e) Storage modulus G' 
(solid symbols), loss modulus G" (open symbols) and viscosity  (lines) vs. frequency for 
crosslinked samples at 37 C. (f) Tensile stress-strain curves of crosslinked samples at 37 
C. 
 
The gel fraction of crosslinked mPEGA/PCLDA varied gradually from ~80% to 
~70% when m increased from 0 to 30% (inset of Figure 8.2c). The values were 
sufficiently high for the networks to maintain integrity after removal of the sol fraction 
using a good solvent, CH2Cl2. The gel fraction of the polymer network in water was close 
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to 100%, indicating that there was no discernible loss of PEG chains in water, similar to 
mPEGA/PPF networks.[18] Because mPEGA could polymerize by itself, crosslinked 
mPEGA/PCLDA with higher m had lower crosslinking densities, as evidenced by the 
higher swelling ratios in CH2Cl2 (Figure 8.2c). In contrast, only very slight swelling (< 
10%) was found in water even at m of 30%, owing to the hydrophilic nature of grafted 
PEG chains. The minimal amount of water trapped in the networks prevents any 
distortion in the shape and dimension of the scaffold during fabrication and surgical 
implantation. 
Table 8.1 Thermal, mechanical and surface properties of crosslinked mPEGA/PCLDA 








c [c] G [MPa] [d] E [MPa] [e] b [MPa] [f] b [%] [g] Rrms [nm] [h] 
0 -60.9 8.9 47.7 41.2 51.3 0.37 10.9 ± 0.4 83.0 ± 9.1 4.12 ± 0.44 15.9 ± 4.2 13.7 ± 2.8 
5% -59.4 7.4 43.9 39.7 47.7 0.36 8.9 ± 0.1 46.1 ± 7.2 3.66 ± 0.17 30.5 ± 6.9 17.9 ± 3.2 
10% -58.6 1.8 33.9 39.1 35.9 0.29 6.0 ± 0.3 32.0 ± 7.5 3.22 ± 0.52 36.9 ± 10.0 16.7 ± 2.7 
20% -57.9 -1.3 30.7 38.2 30.5 0.27 3.2 ± 0.2 17.8 ± 6.7 2.46 ± 0.58 40.0 ± 10.5 14.4 ± 4.9 
30% -57.4 -2.2 25.2 37.6 24.5 0.25 1.5 ± 0.2 8.9 ± 3.3 1.58 ± 0.36 46.1 ± 14.4 14.5 ± 4.8 
 
[a] Heat of crystallization. [b] Heat of fusion. [c] Crystallinity calculated using the 
equation of [Hm/(PCLHm
c
)/(1-m)] 100%, where Hm
c
 of completely crystalline PCL 
is 135 J g
-1
 and PCL is 96.9%.[6,11] [d] Shear modulus measured at 37 C. [e] Tensile 
modulus, [f] stress and [g] strain at break measured at 37 C. [h] rms roughness 
calculated from AFM images. 
 
The thermal properties of crosslinked mPEGA/PCLDA characterized using the 
differential scanning calorimetric (DSC) curves (Figure 8.2d) are listed in Table 8.1. All 
the samples were semi-crystalline at 37 C and the crystallinity decreased after 
incorporation of short, amorphous PEG chains. Because of this impairment to the 
crystalline domains and crystallite thickness, Tm also decreased slightly from 41.2 C for 
crosslinked PCLDA to 37.6 C for crosslinked mPEGA/PCLDA (m = 30%). Meanwhile, 
a weak increase from -60.9 to -57.4 C was found in the glass transition temperature (Tg) 
and it can be attributed to less chain segmental constraints from crystalline domains and 
crosslinks. A more drastic decrease of 11.1 C was found for the crystallization 
temperature (Tc) determined from the cooling curve.  
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The rheological properties of mPEGA/PCLDA networks were measured at 37 and 60 
C as functions of frequency in the range of 0.1-100 rad s-1 to show the effects of both 
crystallinity and crosslinking density (Figures 8.2e). Rubbery behavior was demonstrated 
for all the samples as the storage modulus G' had no frequency dependence and it was 
constantly higher than the loss modulus G". Shear thinning behavior for viscosity (was 
observed for all the networks. Shear modulus G was the average value of G' in the tested 
frequency range. By increasing m, G (Table 8.1) and (Figure 8.2e) at body temperature 
were lower for mPEGA/PCLDA networks because of lower crystallinities and 
crosslinking densities. At 60 C, all the networks were amorphous and there only existed 
the pure effect of crosslinking density, which is inversely proportional to the average 
molecular weight (Mc) between two neighboring crosslinks.[11,13] The mechanical 
properties of mPEGA/PCLDA networks were determined at 37 C, a temperature at 
which both effects of crystallinity and crosslinking density were present. Representative 
tensile stress-strain curves are shown in Figure 8.2f and the results such as tensile moduli 
(E), tensile stress (b) and strain (b) at break are listed in Table 8.1. Because both 
crystallinity and crosslinking density were reduced by introducing PEG short dangling 
chains, E and b decreased while b increased with increasing m by factors of 10.5, 2.6, 
and 2.9, respectively. The monotonic trend was consistent with previously reported 
mPEGA/PPF networks, where grafted PEG significantly decreased the crosslinking 
density and stiffness of the PPF network.[18] 
8.3.2 Surface Characteristics 
The surface characteristics of PCLDA network were drastically modified by the 
tethered PEG chains. For estimating PEG chain coverage on the surface of PCLDA 
network,[18] I used the Kuhn length b of 0.7 nm for both PEG [24] and PCL [25] and the 
number of repeating units, N, from the molecular weight to calculate the mean-square 
radius of gyration Rg
2
 for tethered polymer chains using eq. 1 below. [26] The result for 
mPEGA (
2
,mgR ) was 0.9 nm
2
 and for PCLDA (
2
,PCLDAgR ) was 5.0 nm
2
. The molar 
compositions of mPEGA (m) in mPEGA/PCLDA blends with m of 2%, 5%, 7%, 10%, 
20%, and 30% were 17%, 36%, 44%, 54%, 72%, and 82%, respectively. Accordingly, the 
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approximate coverage (C) of grafted PEG chains on the surface of crosslinked 
mPEGA/PCLDA could be 3.6%, 9.2%, 12%, 17%, 31%, and 45% estimated using eq. 2, 
indicating that the PEG pendant chains with a wide range of densities were tethered on 
the PCLDA network surfaces. 
2 3/5 2
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Lubricated surfaces are desirable for many tissue-contacting medical devices such as 
catheters, endoscopes, and contact lenses, because a slippery surface with a low friction 
could facilitate easy insertion and removal from a patient.[27] As mentioned earlier, 
polymer nerve conduits with lubricated surfaces can allow for better movement and 
adjustment in implantation. PEG-grafted surfaces have been widely used to create 
surfaces with lower frictions.[15,28] The frictional behavior of hydrated crosslinked 
mPEGA/PCLDA disks measured using rheometry [28] conformed to Amonton’s law F = 
W, a linear relationship between the frictional force F and the normal force W, as 
demonstrated in the inset of Figure 8.3a. The frictional coefficient calculated from the 
slope of fitted straight lines decreased continuously by 7-fold from 0.37 ± 0.02 for 
crosslinked PCLDA to 0.05 ± 0.01 for mPEGA/PCLDA (m = 30%). Similar to 
mPEGA/PPF networks, the sharp decrease in suggested that PEG chains could appear 
on the surface of PCLDA network as well as in the bulk and consequently modified 
interfacial interactions, leading to hydrodynamic lubrication. Unlike HA nanoparticles 
that could be buried underneath the crystalline PCLDA network surface,[12] tethered 
PEG chains showed a great advantage as to improve surface properties of crystalline 
polymer networks. The remarkable lubricating effect (≤ 0.03) was also reported in 
PEG-modified polydimethylsiloxane when m was higher than 10%.[15] 
The existence of PEG chains covalently tethered on the network surface can also be 
confirmed by characterizing surface hydrophilicity using the water contact angle and the 
capability of protein adsorption from cell culture media. As shown in Figure 8.3b, the 
water contact angle decreased monotonically on crosslinked mPEGA/PCLDA blends 
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with more grafted PEG chains. The improved hydrophilicity by adding mPEGA was 
originated from the hydrophilic nature of PEG chains tethered in the network that could 
also appear on the surface. The ability of adsorbing serum proteins also decreased 
progressively with increasing m because of the well-known repulsive effect of PEG 
tethered chains.[14,16] 


















































































































Figure 8.3 Surface properties of crosslinked mPEGA/PCLDA disks. (a) Frictional 
coefficients between a stainless steel plate and hydrated polymer disks. Inset: Frictional 
force vs. normal force. (b) Water contact angle and protein adsorption. (c) AFM images. 
Significant difference (p < 0.05) is between any two groups in (a) and (b). 
 
Surface topography demonstrated by the atomic force microscopy (AFM) images in 
Figure 8.3c was similar among PCLDA networks grafted with different mPEGA amounts 
and no significant difference was found for Rrms (Table 8.1). Because the purified 
polymer disks were compressed prior to use, the surfaces of mPEGA/PCLDA networks 
were much smoother (~15 nm) than those of semi-crystalline crosslinked PCLDA (260 
nm) and PPF/PCLDA disks (> 70 nm) reported previously.[8,13] The impact of surface 
roughness on nerve cell behavior can be neglected in later discussion. 
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8.3.3 In vitro SpL201 Cell Behavior 
 Surface characteristics of polymer substrates are crucial in determining the behavior 
of cells seeded on them.[4,19] As discussed previously, monotonic changes in 
mechanical properties, friction, hydrophilicity, and protein adsorption from culture media 
were observed for mPEGA/PCLDA networks. Similar to PCLDA networks, no 
detectable degradation was found for mPEGA/PCLDA networks in phosphate buffered 
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Figure 8.4 Rat SpL201 cell attachment, proliferation, and differentiation on crosslinked 
mPEGA/PCLDA disks. (a) Fluorescent images of SpL201 cells stained using rhodamine-
phalloidin (RP, red, top row), O4-positive areas (green, bottom row) and nuclei (blue) 
stained using 4',6-diamidino-2-phenylindole (DAPI) of differentiated SpL201 cells upon 
forskolin treatment at day 7 post-seeding. Scale bar of 200 m is applicable to all. (b) 
SpL201 proliferation at days 1, 4, and 7, compared with cell-seeded tissue culture 
polystyrene (TCPS) as positive control. (c) Normalized area positive to O4 antibody for 
SpL201 cells at day 7. 
*
: significantly higher (p < 0.05); 
#
: significantly lower (p < 0.05) 
than the corresponding data on crosslinked PCLDA disks. 
 
Cell densities in the fluorescent images of SpL201 cells stained using rhodamine-
phalloidin (RP) at days 1, 4, and 7 (Figure 8.4a) were consistent with the cell numbers 
(Figure 8.4b) measured using fluorescence-based assay. As the initial step to regulate cell 
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motility, growth, and other functions, cell adhesion is crucial in sensing polymer surfaces. 
SpL201 cell adhesion at 4 h post-seeding quantified by the cell number (Figure 8.4b) and 
normalized cell attachment showed a non-monotonic or parabolic trend of first increasing 
from crosslinked PCLDA to crosslinked mPEGA/PCLDA (m = 5-7%). Cell number and 
normalized cell attachment subsequently decreased sharply to crosslinked 
mPEGA/PCLDA (m = 30%). These results indicated that SpL201 cell attachment was 
promoted on substrates with sparsely distributed PEG chains, whereas it was inhibited 
when PEG chains were dense. Similar to the enhanced cell attachment, the average cell 
spreading area at day 1 also had a maximum on crosslinked mPEGA/PCLDA m = 5%) 
and cell proliferation exhibited parabolic dependence on m and maximized at m of 5-7% 
(Figure 8.4b). The proliferation index of SpL201 cells, calculated by dividing the cell 
number at day 7 by the attached cell number at 4 h, increased from 4.09 ± 0.13 on 
crosslinked PCLDA to 4.79 ± 0.43 at m of 7%, and then decreased to 3.64 ± 0.49 at m 
of 20%.  
A previous study found that surface energy of polymer substrates could influence 
Schwann cell attachment and proliferation in a non-monotonic manner, with the highest 
cell density on poly(ethyl acrylate-co-hydroxyethyl acrylate) copolymers with 
intermediate surface energies.[26] Integrin binding between cell membrane receptors and 
adsorbed proteins on the surface mediates cell adhesion.[14,19] Integrin binding is 
sensitive to quantity, spatial arrangement, and orientation of adhesion motifs in the 
extracellular matrix (ECM) proteins, the amount and conformation of which depend on 
both surface energy and entropy.[14,19,29] Generally hydrophobic surfaces will induce 
adsorption of non-adhesive proteins and denaturing of adhesive proteins while 
hydrophilic surfaces will result in low protein binding.[14,19] Therefore, the balance of 
both driving forces on surface with intermediate energies for adsorption can lead to a 
maximum value for cell adhesion. 
The differentiation potential of SpL201 cells after forskolin treatment was quantified 
using O4 antibody (Figure 8.4a,c), an indicator to distinguish early Schwann cells from 
undifferentiated SpL201 cells.[20] Strikingly, the differentiated cell area measured from 
the cells stained with O4 antibody was largest on crosslinked mPEGA/PCLDA m = 
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5%), suggesting the potential of the PCLDA network, modified using a small amount of 
tethered PEG chains, in upregulating SpL201 cell differentiation to early Schwann cells, 
which were mitotically active and could differentiate into fully myelinating Schwann 
cells when interacting with axons in vitro.[20] 
8.3.4 In vitro PC12 Cell Behavior 
In contrast to the monotonic dependence on composition for all the mPEGA/PCLDA 
network material properties, non-monotonic or parabolic trends were appreciated not 
only for the glial-natured SpL201 cells, but also for attachment, proliferation, and 
differentiation of neuronal-natured PC12 cells. The fluorescent images of RP-stained 
PC12 cells on crosslinked mPEGA/PCLDA disks at days 1, 4, and 7 (Figure 8.5a) 
demonstrate both proliferation and differentiation levels. Though PC12 cell attachment 
did not show significant differences among m of 0-7%, they could spread out over a 
larger area and proliferate faster on the substrates with m of 5-7%, compared with other 
compositions (Figure 8.5b). The proliferation index of PC12 cells increased greatly from 
4.72 ± 0.18 on crosslinked PCLDA to 6.45 ± 0.83 at m of 7%, and then decreased 
dramatically to 1.58 ± 0.81 at m of 30%. Upon NGF treatment, the number of neurites 
per PC12 cell was significantly higher on the substrates with m of 5-7% than that on 
crosslinked PCLDA (Figure 8.5a,c). When m was higher than 20%, no neurite extension 
could be observed. The extent of differentiation characterized by the percentage of cells 
bearing neurites was promoted by the tethered PEG chains on the surfaces with m of 5-
7% and the neurite length also exhibited the same trend. Neurites had average lengths of 
67 ± 27 and 65 ± 15 m on crosslinked mPEGA/PCLDA disks with m of 5% and 7%, 
respectively. They were significantly longer than the lengths of 49 ± 14 and 35 ± 13 m 
for the neurites on crosslinked PCLDA and crosslinked mPEGA/PCLDA (m = 20%), 
respectively.  
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Figure 8.5 Rat PC12 cell attachment, proliferation, and differentiation on crosslinked 
mPEGA/PCLDA disks. (a) Fluorescent images stained using RP for PC12 cell growth 
(top row) and NGF-induced neurites (bottom row) at day 7 post-seeding. Scale bar of 200 
m is applicable to all. (b) PC12 cell attachment at 4 h and proliferation at days 1, 4, and 
7, compared with TCPS as positive control. (c) Quantification of PC12 neurites at day 7 
using the number of neurites per cell, percentage of differentiated cells, and neurite 
lengths. 
*
: significantly higher (p < 0.05); 
#
: significantly lower (p < 0.05) than the 
corresponding data on crosslinked PCLDA disks. 
 
In a previous study on a wettability-gradient polyethylene (PE) surface, neurite 
formation of PC12 cells was enhanced in regions with moderate hydrophilicity than those 
in more hydrophobic or more hydrophilic regions.[30] Distribution of surface energy 
could trigger mechanisms for driving PC12 cells to differentiate and initiate 
neuritogenesis through cell-material interactions.[31] Integration of signaling pathways 
initiated by integrins and protein tyrosine kinases (Pyk) on the cell membrane is one 
essential factor for NGF-mediated PC12 neurite formation.[32] The focal-adhesion 
kinase (FAK) family is subsequently activated to promote outgrowth of neurites in PC12 
cells.[32] Therefore, Pyk2 and FAK work collectively to integrate signals proximal to 
integrins and NGF receptors which are sensitive to surface energy. Activation of 
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Pyk2/FAK by integrins and growth factors is crucial for generating efficient signal 
cascades via pathways including paxillin that lead to the regulation of neurite 
outgrowth.[29] Other protein activities such as Rac1, RhoA and Cdc42 GTPases, and 
vinculin could be triggered on surfaces with intermediate surface energy.[31] These 
proteins modulate filopodia and lamellipodia assembly and disassembly in response to 
polymer surfaces and NGF, as well as the formation and stabilization of focal 
adhesions.[31] Variation of ion channels such as intracellular Ca
2+
 in PC12 cells induced 
by surface energy can be another factor. Filopodia extended by PC12 cells can induce 
elevation of intracellular Ca
2+
 that is propagated back to the growth cone, a process that is 
involved in neurite outgrowth,[33] though the exact mechanism for signal transduction of 
surface energy to cell nuclei is still an open question. 
8.3.5 In vitro NPC Behavior 
 The potential of this series of mPEGA/PCLDA networks for CNS recovery was 
evaluated using NPCs in serum-free media, where the effect of ECM protein adsorption 
from serum could be eliminated. Crosslinked mPEGA/PCLDA (m = 5%) demonstrated 
significantly better NPC attachment and proliferation than crosslinked PCLDA and 
mPEGA/PCLDA networks with m greater than 10% (Figure 8.6a,b). The proliferation 
index of NPCs first increased from 2.31 ± 0.30 on crosslinked PCLDA to 2.55 ± 0.19 at 
m of 5%, and then decreased to 1.36 ± 0.11 at m of 10%. This result suggested NPC 
proliferation was more likely to be inhibited on hydrophilic surfaces than SpL201 and 
PC12 cell proliferation. The non-monotonic trend with surface wettability was illustrated 
previously by clonal growth of human pluripotent stem cells which exhibited best clonal 
formation on polymer surfaces with water contact angles between 60° and 80.[34] The 
proliferation rate of human bone marrow stem cells was also highest in the region with 
water contact angles between 48° and 97 on a gradient PE surface.[35] 























































































































Figure 8.6 E14 mouse NPC attachment, proliferation, and differentiated lineages on 
crosslinked mPEGA/PCLDA disks. (a) Fluorescent images of neurospheres stained using 
DAPI (blue, top row), differentiated astrocytes stained using anti-GFAP (green, middle 
row), and neurons stained using anti--tubulin-III (green, bottom row) at day 7 post-
seeding. Scale bar of 200 m is applicable to all. (b) NPC proliferation at days 1, 4, and 7, 
compared with TCPS as positive control. (c) Quantification of percentage of 
differentiated astrocytes and neurons at day 7.
 *
: significantly higher (p < 0.05); 
#
: 
significantly lower (p < 0.05) than the corresponding data on crosslinked PCLDA disks. 
 
The differentiation media I used could direct NPCs into two major neural lineages: 
neurons and astrocytes. No significant difference was observed in astrocytes on 
crosslinked mPEGA/PCLDA disks with m less than 10%, as demonstrated by the 
percentage of cells positive to glial fibrillary acidic protein (GFAP) antibody (Figure 
8.6c). In contrast, more neurons expressing -tubulin-III were found on crosslinked 
mPEGA/PCLDA with m of 5-10% (Figure 8.6c), indicating their differentiation 
potential can be enhanced by optimizing the surface chemistry. Less support for both 
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lineages was observed when m was higher than 10%. Though there lacks a direct 
mechanism to elucidate the lineage commitment of NPCs on surface wettability, tethered 
small molecules with functional groups were reported to actively modify the stem cell 
niche.[36] Enhanced neuronal differentiation on the modified surfaces may be beneficial 
for directing particular cell differentiated lineage via a local gradient in surface 
wettability, as one alternative way yet to be explored in stem cells other than well-
investigated substrate properties such as surface stiffness.[37]  
Besides the effect of tethered PEG chains, surface stiffness could also be involved in 
regulating nerve cell behavior.[4,19,38] Unlike neuronal cells that attach and proliferate 
better on softer substrates with elasticity from 0.1 kPa to 1 MPa,[14,37,38] SpL201 cells 
were found to prefer stiffer polymer substrates in the studied range of E from 1 MPa to 1 
GPa.[8,10,11,13] The effect of tethered PEG chains was so dominant that SpL201 cell 
attachment and proliferation did not decrease when in the E of crosslinked 
mPEGA/PCLDA decreased from 83.0 to 46.1 MPa in the m range of 0-5%, and those of 
neuronal PC12 cells and NPCs did not increase when the E decreased from 46.1 to 8.9 
MPa in the m range of 5-30%. Note that the effect of surface stiffness on the cell 
behavior might be less prominent when the substrates have E higher than or lower than a 
critical value. How different surface characteristics, especially surface chemistry and 
stiffness, work collectively in regulating cell behavior still requires further investigation. 
8.3.6 Nerve Conduits with Compositional Gradient 
 Inhibiting undesired tissue formation on the outer wall of a nerve conduit while 
promoting axonal growth inside is important because invasion of other cell types during 
implantation will be detrimental to axon survival.[1,2,5,6] Based on the finding of 
distinct nerve cell responses to two-dimensional (2D) substrates of crosslinked 
mPEGA/PCLDA with different m, I have further designed 3D heterogeneous nerve 
conduits (Figure 8.7a) with a compositional gradient along the wall thickness, thereby 
addressing the feasibility of promoting nerve cell functions inside while prohibiting cell 
attachment outside. The composition of PEG at different positions along the conduit wall 
was characterized using FTIR spectra in Figure 8.7b. The ratio of the absorption of 
  213 
asymmetric C-O-C band at 1106 cm
-1
 (A1106) from PEG chains to the C=O band at 1720 
cm
-1 
(A1720), indicating the composition of PEG, increased gradually from the inner wall 
to the outer wall (Figure 8.7c). Using both homogeneous and heterogeneous nerve 
conduits, I have examined SpL201 cell attachment and phenotype at day 1 and the results 
are shown in Figure 8.7a. After being immersed in SpL201 cell culture media containing 
dissociated cells, the nerve conduits provided attachment sites along both the inner and 
outer walls. SpL201 cells attached well on the inner walls of both homogeneous and 
heterogeneous conduits and the outer wall of the homogeneous conduit because they all 
contained 5% mPEGA. In clear contrast, SpL201 cells could not survive on the outer wall 
of the heterogeneous tube, which was composed of 30% mPEGA. The results confirmed 
the concept of fabricating nerve conduits with a compositional gradient to prevent initial 
cell attachment and may suggest a potential method of suppressing fibrous tissue 
formation outside in implantation, considering densely grafted PEG chains could strongly 
repel proteins and cells. A recent study using 2-methacryloyloxyethyl phosphorylcholine 
polymer coating on silastic elastomers indeed indicated that the inhibition of fibroblast 
cell adhesion and growth has a negative impact on in vivo fibrous tissue formation.[39] It 
is worthwhile to further examine such correlation using the present PEG-grafted polymer 
networks.  
PEG chains were tethered not only on the surface but also inside the bulk of the 
polymer networks. The present method has advantages over other surface modification 
techniques such as self-assembled monolayers or surface-initiated polymerization 
because mPEGA/PCLDA networks were able to maintain the presence of PEG pendant 
chains even after degradation. By incorporating mPEGA short chains into PCLDA, the 
injectability and processability could be improved as the viscosity was reduced. The 
shape of the nerve conduits remained unaltered in water with negligible swelling because 
of the hydrophobic nature of the major component of crosslinked PCLDA. These nerve 
conduits also had sufficient mechanical strength and flexibility for holding sutures in the 
repair of large nerve gaps, similar to previously reported crosslinked PCLF nerve 
conduits implanted in rats.[10] In addition, lubricated surfaces with improved wettability 
by having a small amount of PEG pendant chains can facilitate implantation of nerve 
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conduits and cause less wear between medical devices and surrounding tissues. I will 
evaluate the in vivo performance of these nerve conduits with multiple components and a 
compositional gradient and further explore to understand the underlying mechanisms of 
distinct nerve cell behaviors on these materials with tunable surface characteristics. 
 
Figure 8.7 Crosslinked mPEGA/PCLDA nerve tubes with two different structures. (a) 
SEM images of the tubes and SpL201 cells attached on the inner and outer walls of the 
tubes at day 1 post-seeding. For the homogeneous tube, m is 5% everywhere. For the 
compositional-gradient tube, m is 5% on the inner wall while it increased gradually to 
30% on the outer wall. (b) FTIR spectra of the cross section of the gradient tube wall at 
different positions from the inner wall to the outer wall, represented by the percentage of 
the total wall thickness. (c) The ratios of the absorption at 1106 cm
-1
 (A1106) for 
asymmetric C-O-C band to that at 1720 cm
-1
 (A1720) for the C=O band for indicating the 
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8.4 Conclusions 
mPEGA end-capped with one double bond has been photo-crosslinked with semi-
crystalline PCLDA to modify the bulk and surface properties of crosslinked PCLDA. 
Surface characteristics such as frictional coefficient, hydrophilicity, and protein 
adsorption were greatly altered by adding mPEGA. Improved surface lubrication, 
hydrophilicity, and reduced protein adsorption played collective roles in regulating rat 
SpL201 and PC12 cell attachment, spreading, proliferation, and differentiation. The 
proliferation rate of both cell types was first promoted by moderate hydrophilicity at m 
of 5-7% and then was inhibited because of strong protein resistance from densely grafted 
PEG chains. The same non-monotonous trend was found in SpL201 differentiation upon 
foskolin treatment and PC12 neurite extension which was promoted by intermediate 
surface energy and wettability from sparsely distributed PEG chains. NPCs also 
demonstrated a significantly higher proliferation rate on the substrates with m of 5% 
than on crosslinked PCLDA and surfaces tethered with more PEG chains. Neuronal 
lineages were favored on the substrates with low m. Based on the parabolic dependence 
of cell behavior on the network composition, I have successfully prepared crosslinked 
mPEGA/PCLDA nerve conduits with a compositional gradient along the wall thickness. 
These heterogeneous nerve conduits can promote regenerative functions of nerve cells 
and foster axonal growth inside while inhibiting cell attachment in exterior during nerve 
regeneration. 
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CHAPTER IX  
BIODEGRADABLE POLYMERIC SUBSTRATES WITH MICRO-
FABRICATED GROOVES FOR PROMOTING  
NERVE CELL FUNCTIONS 
 
9.1 Introduction 
Peripheral nerve system (PNS) injuries with small defects can be repaired by using 
autografts or polymeric nerve guidance conduits for guiding axonal growth, but large-gap 
PNS and central nervous system (CNS) repair and regeneration are still challenging.[1-3] 
To design optimal nerve conduits for guiding functional reconnections of neuronal tissue, 
researchers have investigated extensively on nerve cell-material interactions.[1-3] 
Because nerve cells can respond to surface chemistry, topography, and stiffness,[4-7] 
strategies of combining favorable material properties and substratum features in nerve 
conduits are widely used to enhance axonal growth. Despite extensive studies on 
microgroove guidance of nerve cells in the past,[3] our present research has novelty in 
three aspects: (1) I used biodegradable polymer network substrates with distinct 
mechanical properties and various microgroove dimensions made via replica molding and 
photo-crosslinking to guide nerve cells and regulate their differentiation; (2) I used two 
nerve cell types with the glial or neuronal nature to demonstrate their distinct responses to 
both substrate stiffness and microgroove dimensions; and (3) I used one unique glial cell 
type that has not yet been studied on microgrooved substrates previously.     
The advantages of using biodegradable and photo-crosslinkable polymer in tissue 
engineering applications are their injectability and feasibility in many fabrication 
methods, in particular, stereolithography. Many polymers of this kind have been 
developed for tissue engineering applications, including poly(propylene fumarate) 
(PPF),[8-16] poly(ethylene glycol) diacrylate (PEGDA),[17] poly(-caprolactone 
fumarate) (PCLF),[18-20] PPF-co-poly(-caprolactone) (PCL),[21] PCL diacrylate 
(PCLDA),[22] and PCL triacrylate (PCLTA).[22,23] The mechanical properties of the 
PCL-based networks can be well controlled via crosslinking density or/and crystallinity 
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in the tensile modulus range of 0.5-200 MPa, which is suitable for material handling.[18-
23] Among crosslinked PCLFs or PCLDAs, the one with the highest crystallinity and 
stiffness was found to best support rat Schwann cell precursor line (SpL201) cell 
attachment, spreading, and proliferation.[22] This PCLF was thus used to fabricate nerve 
conduits for regenerating axon cable with myelinated axons in a 1 cm gap rat sciatic 
nerve model 6 and 17 weeks post-implantation.[20] Recently I also prepared 
heterogeneous nerve conduits with a compositional gradient along the wall thickness 
using blends of methoxy poly(ethylene glycol) monoacrylate (mPEGA)/PCLDA, aiming 
to promote nerve cell functions inside the conduit while preventing undesired tissue 
formation on the outer wall in implantation.[24]  
Surface micro-patterns can be readily and precisely fabricated using photo-
crosslinkable polymers via the stereolithographic methods. Although many micro- and 
nano-structured polymer surfaces have been fabricated for regulating cell 
behavior,[1,25,26] there only exist a few biodegradable, photo-crosslinkable, non-
hydrogel ones that can be potentially used for practical applications. PCLTA7k and 10k 
used in this study had number-average molecular weights (Mns) of 6700 and 9800 g/mol, 
and weight-average molecular weights (Mws) of 8500 and 12300 g/mol, respectively. 
They had distinct thermal and mechanical properties at 37 °C before and after 
crosslinking. The melting point (Tm) was 22.9 and 44.7 C for crosslinked PCLTA7k and 
10k, respectively.[23] As a result, crosslinked PCLTA7k was amorphous and soft while 
PCLTA10k was semi-crystalline and stiff at body temperature.[23] The tensile modulus at 
37 C was 1.7 ± 0.5 MPa for crosslinked PCLTA7k and it increased dramatically to 105.9 
± 23.6 MPa for crosslinked PCLTA10k because of enhancement from crystalline 
domains.[23] The range of mechanical properties was wider than that of 6-70 MPa for 
crosslinked PCLDA.[22] I previously has found that homogeneous PCLTA precursor 
solutions could fill the silicon wafers with concentric microgrooves efficiently and photo-
cured into substrates with precise surface features after exposure to UV light for 20 
min.[23] Benefited from three carbon-carbon double bonds in each polymer chain, 
crosslinked PCLTAs had sufficiently high gel fractions (> 90%), higher than the values of 
~70-90% for crosslinked PCLDAs.[22,23] These concentric-microgrooved substrates of 
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crosslinked PCLTAs with various groove widths and depths prepared via replica molding 
have been used to promote cell alignment and differentiation of mouse pre-osteoblastic 
MC3T3-E1 cells.[23] In this study, I used parallel microgrooves instead of concentric 
ones and targeted a different application: nerve repair and regeneration. 
During the development of nervous systems, glial cells or oriented extracellular 
matrix (ECM) fiber tracts allow neurons to migrate along the desired direction.[3] Glial 
cells can form myelin to support and protect neuronal development and axon 
pathfinding.[3] Because of the distinct functions between glial and neuronal cells, they 
may have different responses to the substrates with varied mechanical properties 
[17,22,27-31] and topographies.[32-35] As a typical glial cell type, Schwann cells (SCs) 
can be aligned and oriented on micropatterned substrates on silicon wafers,[36] 
poly(dimethylsiloxane) (PDMS),[37] and poly(D,L-lactide) [38] to enhance neurite 
alignment and outgrowth.37,38 SC implants survive poorly and do not migrate when the 
cells fail to find axons to myelinate.[39] Conditionally immortalized SpL201 cells not 
only retain key advantages of post-natal SCs but also can circumvent major problems 
associated with SCs for myelin repair.[39] Pheochromocytoma (PC12) cell is an 
important system for studying neuronal cell communication because of its ability to 
extend neurites and similarity to sympathetic neurons upon treatment of nerve growth 
factor (NGF).[31,40] PC12 cells have been reported to extend neurites with the number, 
length, and orientation controlled by the topographic features of micro-patterned 
surfaces.[40-44] Despite these previous reports, there still lacks a comprehensive study 
on how to vary groove depth and width on biodegradable microgrooved substrates to 
optimize the behavior of both glial and neuronal cells. 
In this study, I have investigated the roles of both material intrinsic properties and 
microgroove dimensions in regulating rat SpL201 cells with the glial nature and PC12 
cells with the neuronal nature. By simultaneously modulating mechanical properties and 
topography using the two PCLTA networks discussed previously, I have correlated 
surface stiffness and microgroove dimensions with nerve cell attachment, proliferation, 
alignment, migration, and differentiation. I feel compelled to report the distinction 
between neuronal and glial cells in terms of responding to non-hydrogel biodegradable 
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polymer substrates with elastic moduli greater than 1 MPa. These results could not only 
improve our fundamental understanding on nerve cell-material interactions but also 
provide guidance for fabricating nerve conduits with appropriate mechanical properties 
and structural features in order to promote nerve repair and regeneration. 
 
9.2 Experimental Section 
9.2.1 Materials 
 PCLTA was synthesized in our lab using ring-opening polymerization of -
caprolactone initiated by 1,1,1-tris(hydroxymethyl) propane, and followed by acrylation 
using acryloyl chloride in the presence of K2CO3.[22,23,45] All other reagents used in 
this study were purchased from Sigma-Aldrich Co. (Milwaukee, WI) unless otherwise 
noted. Micro-fabricated silicon wafers with parallel microgrooves were prepared using 
standard stereolithography as templates or molds.[23] To investigate nerve cell responses 
to the microgroove dimensions, I applied four groove widths of 5, 15, 45, and 90 m and 
three groove depths of 1, 5, and 12 m for each groove width. One additional groove 
depth of 0.4 m was also used for examining sensitivity of PC12 neurites to the grooves. 
The groove width was designed to be equal to the ridge width. 
9.2.2 Preparation of Microgrooved Substrates of Crosslinked PCLTA 
The samples were photo-crosslinked under UV light (Spectroline, SB-100P; intensity: 
4800 w/cm2, wavelength: 315-380 nm) with assistance of photo-initiator, phenyl 
bis(2,4,6-trimethyl benzoyl) phosphine oxide (BAPO; IRGACURE 819
TM
, Ciba 
Specialty Chemicals).[22] Prior to photo-crosslinking, two precursor solutions were 
prepared by dissolving 1.5 g of PCLTA7k or 10k in 500 L of CH2Cl2 and then mixing 
with 75 L of BAPO/CH2Cl2 (300 mg/1.5 mL). The precursor solution was poured onto a 
pre-cleaned micro-fabricated silicon wafer between two glass plates (2 mm, thickness) 
and a silicon spacer (1 mm, thickness). The mold was then placed under UV light at a 
distance of ~7 cm from the lamp head and exposed for 20 min to ensure sufficient 
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crosslinking. Crosslinked PCLTA sheets with microgrooves were peeled off from the 
silicon mold and dried in a vacuum oven. Then the samples were then soaked in acetone 
for two days to remove BAPO residue and the sol fraction, followed by complete drying 
in vacuum. Surface patterns of the microgrooved substrates were characterized using 
scanning electron microscopy (SEM; S-3500, Hitachi Instruments, Tokyo, Japan) at 5 kV. 
9.2.3 Nerve Cell Attachment, Proliferation, Distribution, and Alignment 
 Rat SpL201 cells were cultured in a growth medium composed of Dulbecco’s 
modified eagle medium (DMEM; Gibco, Grand Island, NY), 10% fetal bovine serum 
(FBS; Gibco), 1% penicillin/streptomycin (Gibco), and 10 ng mL
-1
 human recombinant 
EGF (Pepro Tech, Rocky Hill, NJ). Rat PC12 cells (ATCC, Manassas, VA) were cultured 
in a growth medium consisting of F-12K medium (Gibco), 15% horse serum (Gibco), 5% 
FBS, and 1% penicillin/streptomycin. Both cell types were cultured at 37 C in an 
incubator supplied with 5% CO2 and 95% relative humidity. The growth medium was 
replaced every 2-3 days and cells were split upon 80% confluency. Prior to cell studies, 
all polymer substrates were sterilized in excess 70% ethanol solution for one day and 
dried completely in vacuum. These polymer substrates were attached to the bottom of 
Petri dishes using autoclaved inert silicon-based vacuum grease (Dow Corning, Midland, 
MI) and rinsed twice with phosphate buffered saline (PBS, Gibco) before cell seeding. 
SpL201 and PC12 cells were seeded on the substrates at a density of ~15,000 
cells/cm
2
 and cultured for 4 h, 1, 4, and 7 days. At each time point, attached cells were 
fixed in 4% paraformaldehyde (PFA) solution for 10 min at room temperature. After PFA 
solution was removed, the cells were washed twice with PBS and permeabilised with 
0.2% (v/v) Triton X-100. The actin filaments in cells were stained with rhodamine-
phalloidin (RP; Cytoskeleton, Denver, CO) for 1 h at 37 °C and the nuclei were stained 
with 4',6-diamidino-2-phenylindole (DAPI) at room temperature. Fluorescence images 
were taken using an Axiovert 25 light microscope (Carl Zeiss, Germany). Cell density 
and shape as well as distribution and deformation of nuclei were analyzed and averaged 
from the fluorescence images using ImageJ software (National Institutes of Health, 
Bethesda, MD). Cell numbers were counted from the nuclei in at least 15 images. Cell 
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area and length were analyzed and averaged from 20 cells at day 1 post-seeding. Cell 
length was determined as the longer-axis length of an ellipse that approximated the cell 
shape. The percentage of aligned cells was analyzed over at least 100 cells. One cell was 
considered aligned if the angle between the direction of the microgroove and the longer 
axis of the cell was less than 15. Nuclear circularity, defined as 4 × area/perimeter2, 
was evaluated with a measure of 1 indicating a perfect circle.  
9.2.4 SpL201 Cell Migration 
 SpL201 cell migration in the growth medium was conducted at the culture condition 
and recorded using time-lapsed fluorescence microscopy. After cells attached to the 
microgrooved substrates at 12 h post-seeding, they were labeled with 0.1 M Calcein AM 
(Invitrogen, Carlsbad, CA) and monitored by photographing for 12 h at the interval of 10 
min. Cell motility was quantified by tracking at least 100 cells using ImageJ. The 
dislocation of the centroid of each cell was represented by a migration vector expressed 
as a dot in an XY diagram.  
9.2.5 Nerve Cell Differentiation and Gene Expression 
 After SpL201 cells attached onto the substrates, the growth medium was replaced by 
the differentiation medium that was made of DMEM, 10% FBS, 1% 
penicillin/streptomycin and 20 M forskolin, instead of EGF contained in the growth 
medium. Upon 7-day differentiation, cells were lysed and total RNA was isolated using 
RNeasy Mini Kit (Qiagen, Valencia, CA). The amount of total RNA from the cells on 
each substrate was quantified using Nanodrop 1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE). Reverse transcription of isolated RNA was then performed 
using DyNAmo cDNA synthesis kit (Thermo Scientific) according to the manufacturer’s 
protocol. 
The following oligonucleotide primer sequences were used: small calcium binding 
protein (S-100) forward, 5'-ATA GCA CCT CCG TTG GAC AG; S-100 reverse, 5'-TCG 
TTT GCA CAG AGG ACA AG; Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) 
forward, 5'-TCT TCA CCA CCA TGG AGA A; GAPDH reverse, 5'-ACT GTG GTC 
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ATG AGC CCT T. Real-time PCR reactions were performed in a total volume of 25 L 
PCR mixture of each cDNA sample, a specific primer, and a Power SYBR
®
 Green PCR 
Master Mix (Applied Biosystems, Carlsbad, CA). Each PCR cycle consisted of 
denaturation at 94 C for 30 s, annealing at 55 C for 30 s, and elongation at 72 C for 30 
s. All samples were run in triplicate using a Peltier Thermal Cycler with fluorescence 
detection systems (PTC-200, MJ Research). The expression level of S-100 was 
normalized to that of GAPDH.  
PC12 cell neurites were induced in a growth medium supplemented with 50 ng/mL 
NGF for 7 days. For SEM imaging, neurites were fixed in 4% PFA in 0.1 M cacodylate 
solution for 10 min followed by a secondary fixation of 2% Osmium tetroxide (OsO4) in 
0.1 M cacodylate for 1 h. Substrates with neurites were dehydrated through a graded 
ethanol series (25%, 50%, 70%, 95%, and 100%) and dried in vacuum. An accelerating 
voltage of 5 kV was applied during imaging. PC12 cell neurites were also stained with 
RP. The number of neurite-bearing cells, the length and angle of neurites, and the number 
of neurites per cell were obtained from at least 100 PC12 cells on the microgrooved 
substrates and compared with the flat substrates using ImageJ. Percentage of PC12 
differentiation was calculated by dividing the number of neurite-bearing cells by the total 
number of attached cells. Neurite length was the distance from the edge of cell soma to 
the neurite tip. Cells with at least one neurite longer than the diameter of original, round 
PC12 cells (ca. 10 m) were counted as neurite-bearing cells. The number of neurites per 
cell was analyzed only from neurite-bearing cells. Neurite angle was quantified as the 
angle (always < 90°) between the direction of the neurite and its nearest microgroove 
edge. 
9.2.6 Statistical Analysis 
 All data are presented as mean ±standard deviation. All statistical computations were 
performed by analysis of variance (ANOVA) followed by Tukey post-test as needed. The 
data were considered significantly different if the p-value was less than 0.05. 
 
  226 
9.3 Results and Discussion 
9.3.1 Characterization of Microgrooved Substrates.  
Parallel microgrooved substrates with excellent integrity were achieved using silicon 
templates with well-defined surface patterns, as demonstrated in the SEM images in 
Figure 9.1. The groove depths determined from the SEM images were almost identical to 
the designed values while the groove widths (ridge widths) were 4.8 ± 0.2 (4.6 ± 0.1), 
16.9 ± 0.5 (16.2 ± 0.6), 46.0 ± 0.5 (45.2 ± 0.3), and 90.8 ± 0.3 (89.1 ± 0.3) m, 
respectively. Crystallization-induced rougher surfaces could be seen on the substrates of 
semi-crystalline crosslinked PCLTA10k, compared with smoother surfaces of amorphous 
crosslinked PCLTA7k.  












































Figure 9.1 SEM images (top view) of microgrooves with widths of 5, 15, 45, and 90 m 
and depths of 1, 5, and 12 m on crosslinked PCLTA10k and 7k. Scale bar of 50 m is 
applicable to all. 
 
9.3.2 Nerve Cell Attachment and Proliferation 
 SpL201 and PC12 cells seeded on the parallel microgrooves demonstrated distinct 
responses to both material properties and groove dimensions. Figure 9.2 shows actin 
filaments stained with RP at day 7 post-seeding on microgrooves with different groove 
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widths. SpL201 cells with the glial nature were more confluent on the stiffer substrate of 
crosslinked PCLTA10k than those on crosslinked PCLTA7k, consistent with our previous 
finding using flat substrates of crosslinked PCLDAs.[22] On the contrary, PC12 cells 
with the neuronal nature preferred softer substrates of crosslinked PCLTA7k. When the 
groove width increased from 5 to 90 m, cell density did not vary much but less 
alignment and orientation of cytoskeleton were found for both cell types, which is 
elaborated the next section.  
200 m










































Figure 9.2 Fluorescence images of SpL201 (left two columns) and PC12 cells (right two 
columns) stained with rhodamine-phalloidin (RP) at day 7 post-seeding on microgrooves 
with a depth of 5 m and widths of 5, 15, 45, and 90 m on crosslinked PCLTA7k and 
10k. Scale bar of 200 m is applicable to all. 
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Figure 9.3 (a) SpL201 and (b) PC12 cell numbers at 4 h, days 1, 2, and 4 post-seeding, (c) 
SpL201 and (d) PC12 cell area at day 1, (e) SpL201 and (f) PC12 cell length at day 1 on 
microgrooves with a depth of 5 m and widths of 5, 15, 45, and 90 m crosslinked 
PCLTA7k and 10k, compared with flat substrates. *, p < 0.05. p < 0.05 between 
PCLTA7k and 10k microgrooves in (e). 
 
Cell number (Figure 9.3a,b) was counted and averaged from the images of cell nuclei 
on the substrates. In agreement with the cell images in Figure 9.2, cell number shows no 
statistical difference between microgrooved and flat surfaces and among different groove 
dimensions at all time periods for both SpL201 and PC12 cells. Unlike topological 
parameters, the mechanical properties of the substrates significantly affected cell 
attachment and proliferation for these two cell types. SpL201 cell density was always 
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higher on stiffer crosslinked PCLTA10k regardless of surface topography, whereas PC12 
cells showed an opposite trend of preferring softer substrates, which was also found on 
PEGDA hydrogels with much lower moduli from 10 to 250 kPa.[17] The proliferation 
index (PI) of the cells was obtained by dividing the cell number at day 7 by the number of 
attached cells at 4 h post-seeding. The PI of SpL201 cells increased from 3.30 ± 0.29 on 
crosslinked PCLTA7k to 4.31 ± 0.34 on crosslinked PCLTA10k. In contrast, the PI of 
PC12 cells decreased from 4.57 ± 0.16 on crosslinked PCLTA7k to 3.98 ± 0.17 on 
crosslinked PCLTA10k. Unlike the cell number, cell shape was dramatically altered by 
the groove width. Because of the confinement of microgrooves, smaller cell spreading 
area (Figure 9.3c,d) but larger cell length (Figure 9.3e,f) was found for both SpL201 and 
PC12 cells in the 5-m-wide microgrooves than the 90-m-wide microgrooves and flat 
substrates, demonstrating significant cell elongation as a result of the “contact guidance” 
effect. Crosslinked PCLTA10k could elongate SpL201 cells better than crosslinked 
PCLTA7k for all microgrooves, whereas no statistical difference was found for PC12 
cells. 
9.3.3 Nerve Cell Alignment 
 Cell alignment indicates how surface topography can guide nerve cells along a 
desired direction.[3] As shown in the fluorescence images in Figure 9.4a,b, cell alignment 
was influenced by both groove width and depth. A smaller groove width induced a higher 
degree of cell alignment for both SpL201 and PC12 cells. In contrast, SpL201 and PC12 
cells responded differently to the groove depth. When the groove depth decreased from 
12 to 1 m, SpL201 cells were less aligned but PC12 cells could still be well aligned. The 
percentage of aligned cells is shown in Figure 9.4c,d. More than 95% of SpL201 cells 
were aligned in the deepest (12 m) and narrowest (5 m) microgrooves. It sharply 
decreased to ~40% on the microgrooves with a smaller depth of 1 m. Consistently, SC 
alignment was reported to be reduced when the groove depth decreased from 3 to 0.5 
m.[36] In contrast, PC12 cells did not exhibit significant difference in the images when 
the groove depth decreased from 12 to 1 m, indicating higher threshold sensitivity than 
SpL201 cells. Cell alignment also decreased gradually for both cell types when the 
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groove width increased from 5 to 90 m.  
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Figure 9.4 Fluorescence images of (a) SpL201 and (b) PC12 cells stained with RP at day 
1 post-seeding on crosslinked PCLTA10k and 7k microgrooves with depths of 1, 5, and 
12 m and a width of 5 m. Scale bar of 200 m is applicable to all. (c) SpL201 and (d) 
PC12 cell alignment in percentile on crosslinked PCLTA10k and 7k microgrooves with 
depths of 1, 5, and 12 m and widths of 5, 15, 45, and 90 m. *, p < 0.05. #, p < 0.05 
relative to other groups with the same depth. p < 0.05 between any two PCLTA10k 
microgrooves with the same width or depth in (c). 
Furthermore, cell alignment showed time dependence for both cell types on all the 
microgrooved substrates. For example, on the microgrooved substrates with the largest 
depth of 12 m and the smallest width of 5 m, 75 ± 4% of cells were aligned along the 
microgrooves at 4 h but it increased to 99 ± 1 % at day 7. Such time dependence of better 
cell alignment at longer culture time was also reported for SC alignment.[36,37] In this 
study, I did not find significant difference in cell alignment between crosslinked 
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PCLTA10k and 7k substrates with the same microgroove dimensions. On the basis of the 
results in Figures 9.2-4, I deliberately emphasized the behavior of SpL201 cells on stiffer 
crosslinked PCLTA10k and that of PC12 cells on softer crosslinked PCLTA7k to better 
present the effect of microgroove dimensions on nuclear shape and distribution, cell 
migration, and cell differentiation in the following discussion, whereas the comparison 
was performed between two crosslinked PCLTAs using flat substrates for the latter two 
topics. 
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Figure 9.5 (a) SpL201 cell nuclei stained with DAPI at day 7 post-seeding on 
microgrooves with depths of 1, 5, and 12 m and a width of 5 m on crosslinked 
PCLTA10k. Scale bar of 200 m is applicable to all. (b) Percentage of nuclei in the 
grooves and (c) nuclear circularity on microgrooves with different dimensions.
 
*, p < 
0.05. #, p < 0.05 relative to other groups with the same depth in (b). +, p < 0.05 relative to 
other groups in (c). 
 
Microgroove dimensions could also affect both shape and distribution of cell nuclei. 
As shown in the DAPI-stained images in Figure 9.5a, SpL201 cell nuclei were aligned 
and elongated most in the microgrooves with the largest depth and the smallest width. 
Cell nuclei remained unaligned on the flat substrates and 1-m-deep microgrooves. The 
distribution of nuclei was quantified using the percentage of cell nuclei trapped in the 
microgrooves. As indicated in Figure 9.5b, ~90% of nuclei were confined in the 
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microgrooves when the groove depth was 12 m and the groove width was 5 m. This 
number decreased to ~80% when the groove depth decreased to 5 m. No nuclei could be 
confined in the microgrooves as shallow as 1 m, where nuclei could ride over several 
microgrooves without being completely confined inside one. When the microgrooves and 
also the ridges were wider, fewer nuclei were trapped and aligned inside the 
microgrooves. Nuclei were evenly distributed on the ridges or in the microgrooves when 
the groove width was 90 m. The percentage of cell nuclei in the microgrooves increased 
with culture time, resulting in better cell alignment as discussed previously. For example, 
it was 71 ± 4% for day 1 but 89 ± 6% for day 7 on the substrates with the narrowest and 
deepest microgrooves. This phenomenon can be interpreted as that cells might descend 
into the microgrooves because of gravity and contact guidance, and aligned cells in the 
microgrooves might proliferate faster than unaligned cells on the ridges.[3] Similar to cell 
alignment, cell nuclei were equally aligned on crosslinked PCLTA10k and 7k without 
showing the effect of substrate stiffness. 
The deformation of nuclei was quantified using nuclear circularity, an indicator of the 
roundness of nuclei. As shown in Figure 9.5c, the most elongated nuclei with the lowest 
average circularity were found in the microgrooves with the highest depth of 12 m and 
the smallest width of 5 m, which was smaller than the nuclear diameter. Cells in the 
microgrooves with larger widths of 45 and 90 m or a smaller depth of 1 m had nuclear 
circularities similar to those on the flat substrates, except for those around the 
microgroove edge. When the groove depth was 12 m, the nuclei around the edge of the 
wider microgrooves had circularities similar to those in the narrowest microgrooves, also 
showing the “contact guidance” effect.  
9.3.4 Nerve Cell Migration 
Migration of glial cells is crucial in achieving connectivity and glia would pave the 
road first to serve as a template for the development of neurons and axon pathfinding.[3] 
Similar to that found in nerve cell alignment, microgrooves could also influence SpL201 
cell motility and migration direction, as demonstrated in Figure 9.6. By tracking the 
movement of over 100 cells in 12 h after cell attachment, I found significantly a higher 
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motility for aligned cells compared with unaligned cells. Cell motility did not vary much 
for different groove widths, as long as cells were aligned. Cell motility was significantly 
higher on flat crosslinked PCLTA10k than on flat crosslinked PCLTA7k because stiffer 
substrates could assist cell migration. To demonstrate the role of microgrooves in SpL201 
cell migration direction, I examined cells in the microgrooves of stiffer crosslinked 
PCLTA10k with a depth of 5 m and a width of 45 m, the size larger than the cell body. 
Aligned cells around the microgroove edge could persistently migrate along the direction 
of the microgrooves (Figure 9.6b). In contrast, unaligned cells migrated randomly in all 
directions (Figure 9.6c). In previous reports, fibroblast and epithelial cells with a more 
elongated shape migrated faster along the microgrooves than cells with a nearly round 
shape.[46,47] The present results suggested that SpL201 cells could migrate along the 
preset direction with a higher velocity to achieve quicker path pavement for neurons if 



























































Figure 9.6 SpL201 cell migration on PCLTA10k microgrooves with a depth of 5 m and 
widths of 5, 15, 45, and 90 m, compared with flat substrate of PCLTA10k and 7k. (a) 
Cell motility of aligned cells compared with unaligned cells. *, p < 0.05 relative to 
unmarked groups. +, p < 0.05 relative to all other samples. The migration vector of (b) 
aligned and (c) unaligned cells on PCLTA10k microgrooves with a depth of 5 m and a 
width of 45 m after 30 min expressed as a dot.  
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Figure 9.7 S-100 gene expression relative to GAPDH for SpL201 cells at day 7 post-
seeding on PCLTA10k microgrooves with a depth of 5 m and widths of 5, 15, 45, and 
90 m, compared with flat substrates of PCLTA10k and 7k. *, p < 0.05. 
 
Differentiation of the two nerve cell types was evaluated on two different series of 
PCLTA substrates. SpL201 cells can differentiate into early SCs, which are actively 
involved in promoting axon growth.[39] The gene expression level of S-100, a specific 
marker to distinguish early SCs from undifferentiated SpL201 cells,[39] was quantified 
using real-time PCR. As shown in Figure 9.7, a low level of S-100 was expressed for 
SpL201 cells cultured on the flat substrates of PCLTA7k in absence of differentiation 
media. S-100 expression was upregulated significantly on the flat substrates of PCLTA7k 
upon forskolin treatment for 7 days. Higher expression of S-100 was found on stiffer 
substrates of crosslinked PCLTA10k, indicating better differentiation toward a glial 
lineage. For SpL201 cells cultured on the microgrooved substrates, the expression level 
of S-100 increased dramatically when the groove width decreased, although no difference 
was found between the 90-m-wide microgrooves and the flat substrates. In particular, 
the S-100 expression was upregulated by 4-fold on the microgrooved substrates with 
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groove widths of 5 and 15 m, compared with their wider counterparts. The result 
indicated that SpL201 cells could differentiate into early SCs better in stiffer and 
narrower microgrooves possibly because of more cell alignment and nuclei distortion. A 
previous study found that aligned SCs could have better cell-cell interactions and secret 
more NGF and other neurotrophic factors,[48] which might benefit SC maturation.  
 
















































Figure 9.8 SEM images (first column) and fluorescence images (other columns) of PC12 
cell neurite extension at day 7 post-seeding on PCLTA7k microgrooves with different 
dimensions. Black arrows indicate the neurites aligned by microgrooves. White arrows 
indicate the neurites not contacting the microgroove edge. Scale bar of 100 m is 
applicable to the first column and 200 m to others. 
 
PC12 cells are able to differentiate and outgrow neurites upon treatment of 
biochemicals such as NGF.[41] As shown in the SEM and fluorescence images in Figure 
9.8, PC12 neurites induced by NGF for 7 days could be oriented along the microgrooves 
when the groove width was 5 m. Similar to PC12 cell proliferation, the neurites could 
also respond to all the microgroove depths from 12 to 0.4 m. Interestingly, when the 
groove width increased, much fewer neurites were found if PC12 cell soma did not 
contact the microgroove edge. Neurites were aligned only along the microgroove edge, as 
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indicated by black arrows. For the neurites not contacting the microgroove edge (white 
arrows), they outgrew neurites in all directions without preference. Representative 
enlarged images of differentiated PC12 cells are shown in Figure 9.9a and quantification 
of PC12 neurites on microgrooved and flat substrates is also given in Figure 9b-e. 
Percentage of PC12 cell differentiation (Figure 9.9b) was the percentage of cells bearing 
neurites in the entire cell population. The groove width could strongly influence 
percentage of PC12 cell differentiation while the groove depth did not. Upon 7-day NGF 
treatment, only ~40% of PC12 cells could extend neurites on both flat substrates and the 
90-m-wide microgrooved ones. When the groove width decreased to 5 m, the 
percentage of differentiation dramatically increased to ~85%. The angle between neurites 
and microgrooves (Figure 9.9c) was smaller on narrower microgrooves but it was 
insignificantly different when the groove depth was varied. In clear contrast, the angle 
was much larger on flat surfaces, showing that the neurites were more randomly extended 
when there was no contact guidance from microgrooves.  
The number of neurites per cell in Figure 9.9d was calculated only for cells bearing 
neurites. Intriguingly, although all the microgrooved substrates induced more neurites per 
cell compared with the flat ones, the groove width did not affect the neurite number on 
the deeper microgrooves (5 and 12 m, depth). Instead, when the microgrooves were 
shallower, more neurites could be induced on the narrower microgrooves. Similar to the 
results in the number of neurites per cell, the longest neurites were found on the 
microgrooved substrates with the smallest groove depth of 0.4 m and a groove width of 
5 m (Figure 9.9e). SEM images in Figure 9.8 also show that the neurites exist on the 
ridges as well as inside the microgrooves. The results can be understood as that less 
confinement on neurites can promote their outgrowth because physical space is important 
for neurites to be protruded from the soma.[41,42] Similarly, PC12 cells cultured in 
microchannels were reported to extend neurites twice longer than those on flat 
surfaces.[42] Lower substrate stiffness could promote neurite extension by showing more 
cells bearing neurites, more neurites per cell, and longer neurites on crosslinked 
PCLTA7k than on crosslinked PCLTA10k, while the influence from microgrooves 
remained the same. Previous studies on PEG hydrogels showed that PC12 neurites had 
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the greatest extension on the most flexible substrate with an elastic modulus of ~30 
kPa.[31] The same trend found in our results indicated that this preference remained valid 


















































































































































   5             15           45           90            flat         flat Width (m)
7k  
Figure 9.9 Quantification of PC12 cell neurites at day 7 post-seeding on PCLTA7k 
microgrooves with different dimensions, compared with flat substrates of PCLTA7k and 
10k. (a) Representative images of PC12 cells for analysis, (b) percentage of 
differentiation, (c) neurite angle, (d) number of neurites per cell, and (e) neurite length. *, 
p < 0.05. #, p < 0.05 relative to all other samples. 
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9.4 Further Discussion.  
In this study, attachment and proliferation of both SpL201 and PC12 cells were found 
to be majorly affected by substrate stiffness in the modulus range of 1-100 MPa, whereas 
their differentiation could be affected by microgroove dimensions, i.e., groove depth and 
width. SpL201 cells with the glial nature attached more and proliferated faster on the 
stiffer substrates of crosslinked PCLTA10k. It can be explained using 
mechanotransduction mechanisms involving integrins, focal adhesions (FAs), and actin-
myosin associations.[3,49,50] A stiffer substrate can enhance integrin expression during 
cell adhesion and encourage maturation of FAs, which further trigger cascades of 
pathways to promote cell functions such as proliferation and migration.[49,50] 
Meanwhile, actin-myosin associations can transduce mechanical signals to the nucleus, 
which in turn increase Ca
2+
 influx across the cell membrane.[6] PC12 cells with the 
neuronal nature, however, preferred soft substrates. It might be attributed to 
downregulated focal adhesion kinase (FAK) expression of neurons by higher substrate 
stiffness.[51] Previous studies have used mixed cultures of cortical neurons and 
astrocytes on polyacrylamide gels to show that soft gels encouraged neuronal attachment 
and growth but suppressed astrocyte growth while stiff gels held an opposite trend.30 
Such preference is also shown in an interesting phenomenon when an injury occurs in 
CNS: the stiffened tissue at the site of injury would favor glia to form a scar while 
inhibiting the regrowth of neurons.[27] 
Despite no evident contribution to cell proliferation, microgrooves explored in this 
study could promote nerve cell alignment, guided migration, and differentiation. Both 
groove depth and width were important in aligning SpL201 and PC12 cells. The 
microgrooves with the largest depth of 12 m and the smallest width of 5 m could align 
almost all SpL201 cells along the microgroove direction while fewer cells could respond 
to a small groove depth of 1 m. The aspect ratio of the surface feature, obtained by 
dividing groove depth by groove width, was found to be a unified, general factor for 
regulating human dermal fibroblast alignment and elongation.[52] Fibroblasts were better 
aligned and elongated when the aspect ratio was higher and the literature results were 
consistent, despite differences in cell types and structure variation.[52] Our present 
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results also indicated the same effect of this aspect ratio on nerve cell alignment and 
elongation. 
Directional guidance of SCs can promote axon growth in the post-injury 
environment.[37] After injury, SCs in the PNS would align longitudinally in columns to 
promote the regrowth of injured axons, leading to axonal alignment parallel to them with 
enhanced regeneration.[3,37] Neuronal functions are also mediated by SC 
topography.[37,43] Rat spinal neurons could be aligned to the monolayers of SCs that 
were oriented longitudinally in absence of other directional cues.[43] From these results 
on SCs, aligned SpL201 cells achieved here may have potential application in peripheral 
nerve repair and regeneration. Moreover, directional migration with much higher motility 
was found for microgroove-aligned SpL201 cells, compared with unaligned cells. Cells 
with a higher motility can travel a longer distance along the microgrooves to offer a more 
capability for bridging injured nerve gaps. A few previous reports also demonstrated that 
microgrooves could promote cell migration along the microgrooves while inhibiting 
transverse movement across microgrooves.[46,47] Actin filaments in cells were also 
reorganized and aligned along the underlying microgrooves during migration.[47] 
Microgrooved surfaces could align the cytoskeleton of SpL201 cells and deform the 
nuclei when the groove width (e.g., 5 m in this study) was smaller than the nuclei. S-
100 gene expression could be significantly upregulated when SpL201 cells were cultured 
on microgrooved substrates with narrow grooves in differentiation media. One 
explanation is that gene expression could be strongly influenced by microgroove-induced 
cell alignment, cytoskeletal organization, and nuclear deformation.[32,53] A study 
showed that microgrooves can induce differentiation of human mesenchymal stem cells 
into neuronal lineage through alignment.[54] Nuclear deformation may lead to changes in 
the positions of chromosomes that are related to specific gene expression and protein 
synthesis.[48,55] Meanwhile, SpL201 cells confined in the microgrooves had higher 
motilities, better cell-cell contact, and higher concentrations of ECM proteins and 
regulatory factors, which might all assist cell maturation. The higher expression level of 
S-100 gene induced by the microgrooves is an indicator for early SCs, which can 
generate myelin in co-culture with neurons to ensheath and associate with axons in 
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vitro.[39] Differentiated SpL201 cells can also remyelinate denuded axons after 
transplantation in an adult rat spinal cord.[39] Compared with featureless nerve conduits, 
conduits with microgrooves on the inner wall have been demonstrated to align SCs and 
enhance peripheral nerve regeneration.[48]  
Microgrooved substrates with depths of 0.4-12 m all could orient and promote PC12 
cell neurite extension upon NGF treatment, indicating much higher sensitivity of PC12 
cells toward groove features than SpL201 cells. Compared with the groove depth, the 
groove width demonstrated a more determining role in the percentage of cells bearing 
neurites and orientation of neurites. As the groove width decreased from 90 to 5 m, 
significantly more cells could extend neurites and the neurites were more parallel to the 
microgrooves. The mechanism for this phenomenon may be that filopodia and 
lamellipodia at the leading edge of neurites can first explore the surrounding surface 
topography and the traction forces are generated in contacts to push and pull neurites 
forward via microtubules and actin filaments.[56] When the groove width is smaller, 
filopodia tend to contact the microgroove edge and exert a greater traction force to 
advance neurites along the microgrooves.[3,42,56] In this study, the smallest groove 
depth of 0.4 m could also increase the number of neurites per cell and the neurite length. 
Because microtubules and actin filaments are inflexible, neurites are constrained and can 
only extend in one or two directions along the microgrooves with reduced branches when 
the groove depth is high.[3,41,42] These reports are in good agreement with our findings 
that the narrowest and shallowest microgrooves had most neurites per cell and longest 
neurites. When the groove depth is smaller, neurites are able to stay inside the 
microgrooves and also on the ridge, leading to more cell-cell communications with 
adjacent cell soma which may benefit neurite growth,[3] although the underlying 
mechanism on the effect of groove depth merits further study. 
Besides improving our understanding on nerve cell-biomaterial interactions, this 
study also provides biodegradable substrates with suitable physicochemical 
characteristics and structural features for nerve regeneration. In future, remyelination in 
co-culturing SpL201 cells with dorsal root ganglion neurons will be performed on these 
microgrooved surfaces and conduits. On the basis of the present results, I suggest that 
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semi-crystalline PCLTA networks with narrow microgrooves is an excellent nerve 
conduit candidate material because it can promote SpL201 cell proliferation, migration, 
and maturation to facilitate the development of neurites, which actively interact with the 
soft and patterned SpL201 cells underneath instead of with the stiff conduit wall. Nerve 
guidance conduits will also be fabricated with microgrooves on the inner wall and will be 
tested both in vitro and in vivo for the repair of PNS and CNS. 
 
9.5 Conclusions 
Parallel microgrooves with well-defined groove dimensions (depth and width) and 
distinct mechanical properties have been fabricated using two biodegradable and photo-
crosslinkable PCLTAs with different molecular weights. Both intrinsic material properties 
and feature dimensions influenced SpL201 and PC12 cell behavior significantly. Cell 
proliferation was better supported on stiffer substrates for SpL201 cells with the glial 
nature but on softer substrates for PC12 cells with the neuronal nature. Cell alignment 
and nuclear deformation were found to be significantly altered on narrower and deeper 
microgrooves. SpL201 cell motility along the microgroove direction was promoted when 
the cells were aligned. Furthermore, narrower microgrooves could help SpL201 
differentiate into early SCs more quickly, indicated by upregulation of S-100 expression. 
PC12 neurites were oriented as well with significantly better extension on narrower but 
shallower microgrooves. These surface features can be potentially fabricated on the inner 
wall of polymer nerve conduits to provide guidance for cell regenerative functions and 
axon growth in peripheral nerve repair and regeneration. 
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CHAPTER X  
PROMOTING NERVE CELL FUNCTIONS ON HYDROGELS 
GRAFTED WITH POLY(L-LYSINE) 
 
10.1 Introduction 
Functional nerve regeneration is a complex biological process which requires 
precisely controlled spatiotemporal interplay between regenerative cells and guidance 
materials.[1-4] To achieve optimal performance, nerve conduits need integration of 
different materials that can promote nerve cell functions. For example, biodegradable 
hydrophobic poly(-caprolactone) (PCL) networks [5-9] and hydrogels based on 
polyethylene glycol (PEG) [1-4] have been used to fabricate nerve conduits and luminal 
fillers, respectively. Surface stiffness and chemistry of polymer networks can be readily 
tailored by varying the precursor molecular weight and incorporating biofunctional 
molecules, respectively.[3,4,10-12]  
Substrate stiffness is critical in determining cell behavior.[12-14] Pheochromocytoma 
(PC12) cells exhibit greater neurite extension on softer PEG-based hydrogels [10] and 
mesenchymal stem cell (MSC) differentiation can be directed by the substrate elasticity 
comparable to its native tissue.[15] Neural progenitor cell (NPC) proliferation rate and 
differentiated lineage can also be regulated by substrate stiffness.[16-20] As important 
chemical factors, coating of polymer substrates with integrin receptors such as Arg-Gly-
Asp (or RGD) peptide and/or charged molecules can control cell behavior.[21-27] 
Because PEG is inherently inert to protein adsorption and cellular affinity, chemical 
modification by immobilizing functional moieties such as acrylated RGD on the surface 
has been applied to improve the cytocompatibility and bioactivity of PEG-based 
hydrogels.[21-23] Positive charges are believed to participate in cellular activities and 
functions such as attachment, proliferation, differentiation, and neurite outgrowth.[24-30] 
Through the electrostatic interactions with the anion sites of cytoplasmic membrane, 
cationic poly(L-lysine) (PLL) can provide both cell binding sites and positive charges to 
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promote cell functions.[27-30] With the exception of functionalizing the amino groups of 
PLL,[27,28] no efficient way exists to covalently incorporate PLL chains into hydrogel. 
The functionalization of these groups,[27,28] however, leads to a loss of positive charges 





































































































































































Figure 10.1 Synthesis of polymerizable PLL and PEGDA, and preparation of PEGDA 
networks grafted with PLL or MTAC via photo-crosslinking. 
 
Here I present a novel photo-polymerizable PLL and use it to modify PEG diacrylate 
(PEGDA) hydrogels for creating a better, permissive nerve cell niche. Initiated by 
allylamine, efficient ring-opening polymerization of carbobenzyloxy-L-lysine-N-
carboxyanhydride (Z-L-Lys NCA) yielded PLL end-capped with a reactive allyl group, 
which can be further covalently linked into PEGDA networks via photo-crosslinking 
(Figure 10.1). PEGDA was synthesized using facile condensation between PEG and 
acryloyl chloride in the presence of potassium carbonate (K2CO3) as the proton 
scavenger, replacing widely used triethylamine (TEA) which could form a colored 
complex with acryloyl chloride.[7,31,32] By varying the molecular weight of the PEG 
precursor, hydrogels made from PEGDA have different crosslinking densities and 
therefore different mechanical properties. Through photo-crosslinking, PEGDA 
hydrogels were grafted with a low concentration of 1 wt.% PLL in aqueous solution to 
provide cell binding sites and positive charges while the mechanical properties remained 
intact. To compare with this photo-polymerizable PLL and demonstrate the sole role of 
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positive charges, [2-(methacryloyloxy)ethyl]-trimethylammonium chloride (MTAC) with 
an end-capped carbon-carbon double-bond, a widely used cationic small molecule to 
modify neutral hydrogels,[26,33] was also grafted into PEGDA hydrogel (Figure 10.1). 
Using these neutral and positively charged PEGDA hydrogels, I have evaluated 
attachment, proliferation, encapsulation, and differentiation of rat PC12 cells and mouse 
NPCs. Results from these studies can help us achieve better understanding on how to 
optimize material properties for promoting nerve cell functions and scaffold performance.  
 
10.2 Experimental Section 
10.2.1 Synthesis of PEGDA 
All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless otherwise 
noted. PEGs with nominal molecular weights of 1k, 3k, and 10k g mol
-1
 were dried 
overnight in a vacuum oven at 50 °C. Determined using the Gel Permeation 
Chromatographic (GPC) system described later, these PEGs had number-average 
molecular weights (Mns) of 1300, 5240, 14000 g mol
-1
, weight-average molecular 
weights (Mws) of 1410, 5400, 14500 g mol
-1
, and polydispersity values of 1.08, 1.03, 1.04, 
respectively. Acryloyl chloride was used as received. Methylene chloride was dried and 
distilled over calcium hydride. Ground K2CO3 was dried at 100 °C overnight and then 
cooled down in vacuum prior to the reaction. PEG (50 g) was dissolved in methylene 
chloride (100 mL) in a 500 mL three-neck flask along with K2CO3 in a molar ratio of 1:3. 
With the same molar amount as K2CO3, acryloyl chloride was dissolved in methylene 
chloride (1:10 v/v) and added dropwise to the slurry mixture. The reaction was 
maintained at room temperature under nitrogen for 24 h. The mixture was then filtered to 
remove the solids (KCl, KHCO3, and unreacted K2CO3), precipitated twice in diethyl 
ether and dried completely in vacuum. 
10.2.2 Synthesis of PLL 
-carbobenzyloxy-L-lysine (Z-L-Lys, 8 g, 28.6 mmol) was dissolved in anhydrous THF 
(200 mL) in a 500 mL three-neck flask and stirred at 50 C. Triphosgene (2.83 g, 9.55 
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mmol) in anhydrous THF (50 mL) was added dropwise to the flask in a period of 1 h. The 
reaction was continued for 2 h under nitrogen flux. The solution was filtered, 
concentrated, and precipitated twice in anhydrous hexane (300 mL). The recrystallized Z-
L-Lys-N-carboxyanhydride (Z-L-Lys NCA) was dried completely in vacuum and the yield 
was ~90%.[33] Polymerization was conducted in a Schlenk tube under nitrogen. The Z-L-
Lys NCA (10 mmol) was dissolved in anhydrous dimethylformamide (DMF, 30 mL) with 
anhydrous allylamine (0.2 mmol) as an initiator. The reaction was proceeded at 40 C for 
3 days until all the monomer was consumed. Then DMF was removed in vacuum. The 
crude polymer (2 g) was dissolved in trifluoroacetic acid (10 mL) and chloroform was 
then added until a slight cloudiness was observed. A 33 wt.% hydrobromic acid solution 
in glacial acetic acid (20 mL) was added to the polymer solution and the mixture was 
slowly stirred for 1 h at room temperature. The mixture was then precipitated, filtered, 
and washed twice in cold diethyl ether and the obtained PLL was dried completely in 
vacuum. 
10.2.3 Structural Characterization 
Polymer molecular weights were measured on an EcoSEC Gel Permeation 
Chromatographic (GPC) system (Tosoh Bioscience LLC, Montgomeryville, PA) with 
tetrahydrofuran (THF) as the eluent. The chemical structures of PEGDA and photo-
polymerizable PLL were confirmed by 
1
H NMR and IR (Figure 10.2). 
1
H NMR spectra 
were acquired on a Varian Mercury 300 spectrometer (300 MHz) using CDCl3 containing 
tetramethylsilane (TMS) as the solvent. IR spectra were obtained on a Perkin Elmer 
Spectrum Spotlight 300 spectrometer with Diamond Attenuated Total Reflectance. NMR 
for PEGDA (Figure 10.2a): δ = 6.5, 6.2, 5.9 (6H, H2C=CH-), 3.6 (PEG chain protons). IR 







NMR for photo-polymerizable PLL (Figure 10.2c): δ = 5.3 (3H, H2C=CH-), 3.2, 1.8, 1.5, 
1.2 (t, 2H, -CH2-), 4.3 (t, 1H, -CH-), 6.8 (s, 1H, -NH). IR for photo-polymerizable PLL 
(Figure 10.2d): 3389 cm
-1
 (-NH2 asymmetric stretching), 3243 cm
-1 
(amide II) and 3033 
cm
-1 
(N-H stretching vibration), 1650, 1539, 1392 cm
-1
 (amide I, II, III bands, 
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respectively). The carbon-carbon double-bond peak in the IR spectra was buried in the 
strong signals from amide bands. 
 



























































































Figure 10.2 (a) NMR and (b) IR spectra of PEGDA1k, 3k, and 10k, (c) NMR and (d) IR 
spectra of photo-crosslinkable PLL. *: CDCl3 peak. 
 
10.2.4 Hydrogel Preparation and Characterization 
To achieve an equal feed amount of positive charges, 1 wt.% (3 mM) photo-
polymerizable PLL or 72 mM MTAC was dissolved in deionized water with 30 wt.% 
PEGDA and 0.05 wt.% photo-initiator, 4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-
propyl)ketone (Irgacure 2959, Ciba Specialty Chemicals, Tarrytown, NY) as the 
precursor solution. Photo-crosslinking of the precursor solution was initiated with UV 
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light ( = 365 nm) from a high-intensity (4800 w/cm2) long-wave UV lamp (SB-100P, 
Spectroline) for 10 min. By measuring the weights of the original (W0), dry (Wd), and 
fully swollen (Ws) polymer disks as described by us earlier,[7] their swelling ratios and 
gel fractions were calculated using the equations of (Ws - Wd)/Wd and Wd/W0  100%, 
respectively. Linear viscoelastic properties of crosslinked PEG-based hydrogels were 
measured using a strain-controlled rheometer (RDS-2, Rheometric Scientific) donated by 
Patel Scientific and the same procedure described in our previous report.[7] The molar 
fractions of C, N, and O in the total amount of these three atoms on the completely dried 
disk surfaces were measured using Energy Dispersive Spectroscopy (EDS, S-3500, 
Hitachi Instruments Inc.) at 20 kV. Zeta-potential measurements were performed on a 
Delsa
TM
 Nano C Zeta Potential Analyzer (Beckman Coulter, Inc., Brea, CA) using 
homogenized hydrogel particles (~1 m, diameter) in 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) sodium salt buffer solution (HEPES 5  10-3 M, NaHCO3 
1.55  10-2 M, NaCl 0.14 M, pH = 7.4).  
10.2.5 In vitro PC12 Cell Studies 
 Rat PC12 cells (ATCC, Manassas, VA) were cultured in a growth medium containing 
F-12K Media (Gibco, Grand Island, NY), 15% horse serum, 5% fetal bovine serum (FBS, 
Gibco) and 1% penicillin/streptomycin (Gibco) in an incubator with 5% CO2 and 95% 
relative humidity at 37 C. All hydrogels were cut into disks (~2.5 mm × ~1.0 mm, 
diameter × thickness), sterilized in 70% alcohol solution overnight, dried completely in 
vacuum, and rinsed adequately in phosphate buffered saline (PBS). PC12 cells were 
seeded onto the sterile hydrogel disks and empty wells as a control group in a 48-well 
tissue culture polystyrene (TCPS) plate at a density of ~15,000 cells/cm
2
 for 12 h, 1, 4, 
and 7 days. The attached cells were trypsinized and cell numbers were counted using a 
hemacytometer and normalized to the TCPS control group. Cell number was also 
determined from at least seven phase-contrast images and averaged. Attached cells were 
fixed in 4% paraformaldehyde (PFA) solution at room temperature for 10 min. Phase-
contrast microscopic images of attached PC12 cells were taken using an Axiovert 25 light 
microscope and an AxioCam ICm1 camera (Carl Zeiss, Germany). PC12 neurites were 
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induced in a growth medium supplemented with 50 ng mL
-1
 NGF for 7 days. Fluorescent 
images were taken on PC12 neurites stained using rhodamine-phalloidin (RP, 
Cytoskeleton Inc., Denver, CO). Neurite length, number of neurites per cell, and 
percentage of differentiation (percentage of cells bearing neurites in entire attached cells) 
were quantified over more than 10 images and 100 non-overlapping cells for each 
hydrogel substrate. Only neurites longer than the diameter of original, round PC12 cells 
(ca. 10 m) were considered as positive neurite extension and cells with at least one 
neurite longer than 10 m were counted as neurite-bearing cells. For encapsulation, PC12 
cells were re-suspended at a density of ~200,000 cells/mL in the precursor solution and 
crosslinked under UV light for 10 min. Hydrogels were then immersed in cell culture 
media for 1 or 7 days. Cell viability was tested using LIVE/DEAD
®
 
Viability/Cytotoxicity kit (Invitrogen, Carlsbad, CA). Live cells were stained green and 
dead cells were stained red in separate fluorescence images. Cell viability was 
determined by the number of live cells divided by the total number of stained cells. At 
least 500 cells were counted for each sample. 
10.2.6 In vitro NPC Cell Studies 
NPCs from E14 mouse cortex were cultured using serum-free growth media 
containing DMEM/F12 media (Invitrogen) with 2% StemPro neural supplement 
(Invitrogen), 20 ng mL
-1
 basic fibroblastic growth factor (bFGF, Invitrogen), 20 ng mL
-1
 
epidermal growth factor (EGF recombinant human, Invitrogen), 1% GlutaMAX 
(Invitrogen), and 1% penicillin/streptomycin. NPC cell attachment and proliferation were 
performed and analyzed using the same procedure for PC12 cells. For NPC 
differentiation, the growth medium was removed after cells attached onto the substrates 
and replaced with a differentiation medium containing DMEM/F12, 1% FBS, 1 M all-
trans-retinoic acid, and 1% GlutaMAX. Cells were cultured in the differentiation media 
for additional 7 days. Differentiated cells were fixed and then blocked with PBS 
containing 0.3% Triton X-100 and 1% bovine serum albumin (BSA) at room temperature 
for 30 min. After blocking, cells were incubated with a diluted primary antibody 
including mouse monoclonal anti--tubulin III (1:500) for neurons or mouse monoclonal 
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anti-glial fibrillary acidic protein (GFAP, 1:500) for astrocytes at 37 C for 1 h and then at 
4 C overnight. After washing using PBS containing 1% BSA for three times, cells were 
stained with a secondary antibody of goat anti-mouse IgG-FITC (1:100) at 37 C in the 
dark for 2 h and then washed with PBS for three times. Finally cell nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) at room temperature for 
photographing. Differentiation in terms of positive antibody expression was quantified by 
counting the number of cells that expressed the marker divided by the total number of 
cells identified by DAPI staining.[19] At least seven images were analyzed and averaged.  
10.2.7 Statistical Analysis 
All statistical computations were performed by analysis of variance (ANOVA) 
followed by Tukey post-test as needed. The values were considered significantly different 
if the p-value was less than 0.05. 
 
10.3 Results and Discussion 
Three PEGDAs used here, PEGDA1k, 3k, and 10k, were named after the nominal 
molecular weights of their PEG precursors and had Mns of 1450, 5450, 14500 g mol
-1
, 
Mws of 1560, 5640, 15300 g mol
-1
, and polydispersity values of 1.08, 1.03, 1.06, 
respectively. Photo-polymerizable PLL had Mn of 3060 g mol
-1
, Mw of 3750 g mol
-1
, and 
polydispersity of 1.23. Their chemical structures were confirmed by use of NMR and IR 
spectra (Figure 10.2), as described in Experimental section. To prepare hydrogels with 
high gel fractions (67-78%, Table 10.1) and smooth surfaces after the soluble fraction 
was removed, a PEGDA concentration of 30 wt.% in deionized water was used. The 
swelling ratio of the PEGDA network (Table 10.1) increased with the molecular weight 
of PEG precursor because the crosslinking density decreased. Determined on a strain-
controlled rheometer at 37 C, the storage modulus G' and loss modulus G" curves of all 
the PEGDA hydrogels were characteristic of perfect polymer networks because G' was 
independent of frequency and always greater than G" (Figure 10.3). The shear modulus 
(G) of the hydrogel, i.e., the average value of G' in the tested frequency range, almost did 
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not change after adding MTAC or PLL while it decreased by factors of 3.2 and 23 when 
PEGDA changed from 1k to 3k and 10k, respectively (Table 10.1).  
 
Table 10.1 Physical properties of the hydrogels. 
PEGDA hydrogels Swelling ratio Gel fraction (%) Shear modulus (kPa) Zeta potential (mV) 
Neutral 
1k 5.4 ± 0.5 77 ± 8 246 ± 7 0 
3k 6.4 ± 0.1 73 ± 1 76.5 ± 0.3 0 
10k 14.7 ± 1.0 68 ± 5 10.6 ± 0.5 0 
MTAC-grafted 
1k 5.8 ± 0.3 78 ± 3 265 ± 12 8.8 ± 1.1 
3k 7.6 ± 0.8 72 ± 4 72.8 ± 1.4 8.4 ± 0.6 
10k 15.9 ± 0.7 67 ± 6 10.4 ± 0.4 7.4 ± 0.5 
PLL-grafted 
1k 5.6 ± 0.6 78 ± 5 269 ± 5 5.0 ± 0.8 
3k 6.9 ± 0.5 74 ± 5 75.9 ± 0.7 4.2 ± 0.2 
10k 14.8 ± 0.6 70 ± 2 11.7 ± 1.1 4.1 ± 0.5 
 
Both MTAC- and PLL-grafted hydrogels were positively charged from the 
dissociated amino groups. Their charge densities were measured using a zeta-potential 
analyzer at pH 7.4 (Table 10.1). The molar composition of grafted MTAC or PLL in the 
network, estimated from the molar fraction of N atoms, was always lower than the feed 
composition. For MTAC, the grafting ratio calculated by dividing the measured 
composition by the feed composition decreased from 91% to 80% and 74% when 
PEGDA changed from 1k to 3k and 10k, respectively. Because the double bond, i.e., the 
allyl group in longer PLL was less reactive than that in MTAC, the corresponding grating 
ratios were even lower: 70%, 55%, and 48%. Consequently, PLL-grafted hydrogels had 
almost half lower zeta potentials than MTAC-grafted hydrogels and the zeta potential 
decreased slightly when PEGDA was longer in both series of hydrogels. When the feed 
composition of PLL was increased from 1 wt.% (Table 10.1) to 3 wt.%, the zeta-potential 
value (9.11 ± 0.3 mV) of the PLL-grafted PEG10k hydrogel was close to those of the 
MTAC-grafted hydrogels used here (7.4-8.8 mV).  
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Figure 10.3 Storage modulus G', loss modulus G", and viscosity  vs. frequency for (a) 
neutral, (b) MTAC-grafted, and (c) PLL-grafted PEGDA hydrogels at 37 °C. 
 
To examine the influence of anchorage polypeptide and positive charges on cell 
survival in three-dimensional (3D) matrices, PC12 cells were encapsulated in the 
hydrogels for 1 and 7 days. Calculated from the LIVE/DEAD staining shown in Figure 
10.4a,b, cell viability (Figure 10.4c) was lower at longer time periods for all the 
hydrogels. The highest cell viability was observed in the softest PEGDA10k hydrogel 
because a looser mesh not only supplied a more favorable mechanical environment, but 
also and more importantly could allow for more cell motion and communication and 
facilitate better diffusion of nutrients.[12] Compared with the neutral hydrogels, cell 
viability at day 7 was increased in MTAC-grafted hydrogels and even more so in PLL-
grafted hydrogels. The viability of PC12 cells encapsulated in PLL-grafted PEGDA10k 
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hydrogel was 97 ± 1% at day 1 and 93 ± 2% at day 7, significantly higher than the day 1 
values of 88 ± 4% in neutral PEGDA10k hydrogel and 74 ± 6% in PEGDA1k hydrogel. 
The results confirmed that anchorage sites and positive charges from tethered PLL chains 
were advantageous for cell survival in encapsulation.[22] 
 
@ Day 1 @ Day 7
Neutral      MTAC-grafted   PLL-grafted
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Figure 10.4 PC12 cells encapsulated in neutral, MTAC-grafted, and PLL-grafted PEGDA 
hydrogels for (a) 1 and (b) 7 days. Scale bar of 100 m is applicable to all. (c) Cell 
viability after encapsulation in the hydrogels for 1 and 7 days. p < 0.05 between neutral 
and PLL-grafted hydrogels made from the same PEGDAs at day 7; between hydrogels 
made from PEGDA1k and 3k or 10k; between day 1 and day 7. 
 
PC12 cells cultured for 7 days on the hydrogels are shown in the phase-contrast 
microscopic images in Figure 10.5a. Without exposure to nerve growth factor (NGF), 
PC12 cells on all the hydrogels remained rounded and did not spread. Unlike Schwann 
cell precursor (SpL201) cells with the glial nature, which prefer stiffer substrates,5-8 
PC12 cells in this study always favored softer substrates such as the PEGDA10k 
hydrogel by demonstrating higher attachment and faster proliferation than the PEGDA1k 
hydrogel (Figure 10.5b,c). Pure PEGDA hydrogels could not efficiently support 
attachment and proliferation of PC12 cells because of low protein adsorption on the 
hydrated layer.[10,14] Incorporation of MTAC or PLL significantly increased the 
percentage of attached cells to close to the control group on TCPS at 12 h post-seeding. 
Further, they could migrate and proliferate much faster with larger cell colonies on softer 
and positively charged hydrogels (Figure 10.5c).  
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Figure 10.5 PC12 cell attachment and proliferation on the hydrogels. (a) Phase contrast 
images of PC12 cells cultured for 7 days. Scale bar of 100 m is applicable to all. (b) 
PC12 cell attachment at 12 h post-seeding. 
*
: p < 0.05 between two marked samples. 
+,#
: p 
< 0.05 between two marked samples and compared to the corresponding data on the 
neutral hydrogels. Positive (+) control: TCPS. (c) PC12 cell proliferation at 12 h, days 1, 
4, and 7 post-seeding. p < 0.05 between hydrogels made from the same PEGDAs at the 
same time, except for between PLL-grafted hydrogels of PEG3k and 10k at 12 h and day 
1. Positive (+) control: TCPS. 
 
NGF-induced differentiation of PC12 cells was also enhanced on MTAC- and PLL-
grafted hydrogels. PC12 cell soma and neurites stained with RP are shown in Figure 
10.6a. No neurites could be found on neutral PEGDA1k hydrogels, although some 
neurites could grow on softer PEGDA10k hydrogel substrates. PC12 neurite extension 
was significantly enhanced when positively charges were grafted in the hydrogels. As 
indicated from the analysis in Figure 10.6b, longer neurite length, higher percentage of 
differentiation, and more neurites per cell were found on the PLL-grafted hydrogels than 
on MTAC-grafted hydrogels, although the latter had higher zeta-potentials. These results 
indicated the integrative roles of both cell adhesive ligands and positive charges in 
fostering PC12 cell differentiation. These results agreed with previous reports that PC12 
or Dorsal Root Ganglion (DRG) neurites could extend best on the softest PEGDA 
hydrogels with immobilized RGD ligands [10] and substrates grafted with positive 
charges.[26] The effect of positive charges on neurite extension may be attributed to 
protein conformation changes, enhancement of protein synthesis, and redistribution of 
cell-membrane growth factors and adhesion ligands.[35]  


































































































Figure 10.6 PC12 cell differentiation on the hydrogels. (a) Fluorescent images of PC12 
neurites induced by NGF at day 7. Stained with rhodamine-phalloidin. Scale bar of 200 
m is applicable to all. (b) Neurite length, percentage of differentiated cells, and the 
number of neurites per cell for PC12 cells at day 7. 
*
: p < 0.05 between two marked 
samples. 
+,#
: p < 0.05 between two marked samples and relative to neutral hydrogels 
made from the same PEGDAs. 
 
I further characterized the bioactivity of the hydrogels using NPCs, which bear 
multipotency and the ability of self-renewal.[16-19] In serum-free culture media, NPC 
neurospheres could migrate out or form a network between remote neurospheres, 
allowing for a more precise investigation of cell responses to surface charges and 
peptides without interference from serum proteins.[29] As shown in the fluorescent 
images in Figure 10.7a, NPC neurospheres were observed by staining nuclei with DAPI. 
Similar to the roles of substrate stiffness in regulating PC12 cell behaviors discussed 
earlier, NPCs also showed enhanced attachment, faster proliferation, and formed larger 
neurospheres on softer hydrogels of PEGDA10k than PEGDA 1k (Figure 10.7b,c). NPC 
growth rate was reported to maximize on hydrogels with a brain-tissue-like stiffness of 
~3.5 kPa,[16,19] which was elastic modulus (E) and can be converted to ~1.2 kPa for G 
based on the equation of E = 3G.[5,19] In this study, NPCs could respond to higher G 
values of 10-250 kPa, a more suitable range for material handling. The mechanical factor 
in cell-material interactions could be understood using pathways related to cell 
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mechanotransduction and integrin-mediated focal adhesion.[13,16,19] More and larger 
neurospheres were also observed on PLL or MTAC-grafted hydrogels bearing positive 
charges. The proliferation index of NPCs, calculated by dividing the cell number at day 7 
by the attached cell number at 4 h, increased from 3.3 ± 0.5 to 3.6 ± 0.4 when PEGDA1k 
hydrogel was grafted with MTAC. The index was further increased to 4.1 ± 0.5 and 6.2 ± 
0.6 for PLL-grafted hydrogels of PEGDA1k and 10k, respectively. It has been 
hypothesized that ion channels such as voltage-gated calcium influx may be altered when 
cells interact with positively charged surfaces.[26,36] Interactions between membrane 
receptors and proteins may be changed as well by electrical stimulation.[35] These events 
may facilitate cell adhesion and proliferation, although the mechanism is still under 
investigation. The benefit from grafted PLL by attracting negative charges on the cell 
membrane and providing cell anchoring sites was evident and best exhibited in the early 
stage of cell adhesion and at day 1, when NPCs could directly interact with the substrate 
before forming large colonies.[16]  
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Figure 10.7 NPC proliferation on the hydrogels. (a) Nuclei (blue) of NPCs for 1, 4, and 7 
days. Scale bar of 200 m is applicable to all. (b) NPC attachment at 12 h post-seeding. 
Positive (+) control: TCPS. (c) NPC cell number at 12 h, days 1, 4, and 7 post-seeding. 
*
: 
p < 0.05 between two marked samples at the same time. 
+,#
: p < 0.05 between two marked 
samples and relative to the neutral hydrogels made from the same PEGDAs at the same 
time. Positive (+) control: TCPS. 
 
To investigate the potential of NPC performance for central nervous system recovery, 
I used a differentiation medium for directing NPCs into two major neural lineages: 
neurons and astrocytes.[19] Different from mechanical modulation of NPC attachment 
and proliferation, the percentage of differentiated NPCs, defined by dividing the number 
of both neurons and astrocytes by the total cell number, did not vary much among 
different neutral or MTAC-grafted hydrogels, as shown in Figure 10.8a,b. PLL-grafted 
hydrogels however did show increased level of differentiation with decreasing the 
stiffness. In contrast, positive charges could significantly improve the extent of NPC 
differentiation. For the same PEGDA, the percentages of both neurons and astrocytes 
were significantly increased on MTAC-grafted hydrogel and even more on PLL-grafted 
hydrogel. Previous studies also indicated the potential for PLL to induce higher efficiency 
for neural tissue differentiation of embryonic brain cells via the interactions between PLL 
polycations and cell surfaces.[30] Besides this non-receptor mediated mechanism, 
enhanced survival rates of both lineages by PLL positive charges could also promote 
NPC differentiation. 
I also studied the effect of the PLL feed composition in the grafted hydrogels on NPC 
behavior and found that NPC attachment increased by a factor of 1.4 times and NPC 
proliferation and differentiation could also be promoted continuously from the feed 
composition of 1 wt.% to 3 wt.%, at which the zeta-potential value was similar to those 
of the MTAC-grafted hydrogels, as mentioned earlier. Neurite outgrowth from NPCs was 
also observed when they were seeded at a lower density of ~5,000 cells/cm
2
. Beyond the 
scope of this chapter, detailed information on this composition effect will be reported 
with gene expression analysis by us in the next chapter. For both PC12 cells and NPCs, 
the results presented in this report were sufficient to indicate that the photo-polymerizable 
PLL was superior to MTAC because a much lower amount of PLL in grafted hydrogel, 
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indicated by the lower charge density, could generate greater promotion. 
 
Figure 10.8 NPC differentiation on the hydrogels. (a) NPC differentiated neurons stained 
with anti--tubulin-III (green, left side) and astrocytes stained with anti-GFAP (green, 
right side) at day 7. Inset is DAPI nuclear staining (blue) of the same field. Scale bar of 
200 m is applicable to all. (b) Percentage of differentiated NPCs. +: p < 0.05 relative to 
neutral and PLL-grafted hydrogels made from the same PEGDAs. 
#
: p < 0.05 between 
two marked samples. (c) Percentages of differentiated neurons and astrocytes. 
*
: p < 0.05 
between two marked samples. 
+,#
: p < 0.05 between two marked samples and relative to 
neutral hydrogels made from the same PEGDAs.  
 
Both substrate stiffness and charged ligands affected differentiation capacity of NPCs, 
as indicated in Figure 10.8a,c. When the hydrogel became softer, more neurons and fewer 
astrocytes were observed, although the total number of differentiated NPCs remained 
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invariant. This trend for NPC differentiation on PEGDA hydrogels found in this study 
was consistent with the findings on other hydrogel systems made from methacrylamide 
chitosan,[16] alginate,[17] interpenetrating networks of polyacrylamide (PAM) and 
PEG,[19] and hyaluronic acid.[20] Though there lacks a regulatory mechanism to 
elucidate the lineage commitment of NPCs, the trend can be attributed to either an 
instructive role of stiffness, which favors differentiation through a specific pathway, or a 
selective role of differentially preferred survival rates in response to stiffness after NPCs 
differentiated into two lineages to a similar extent.[19] A previous report suggested this 
selective survival by showing more increased neurons compared to astrocytes when 
mixed rat embryonic cortical dissociations were cultured on soft PAM hydrogels.[37]  
PEGDA hydrogels functionalized with PLL have great potential in fabricating nerve 
conduits, luminal fillers, or NPC carriers to guide functional recovery of nerve cells and 
axonal growth. In future studies, I will explore targeted 3D nerve cell responses both in 
vitro and in vivo using these hydrogel niches and investigate the concentration 
dependence of PLL. Dynamic tuning of PLL or spatiotemporally controlled cleavable 
PLL segments can retain and release favorable factors for promoting nerve cell functions. 
This photo-crosslinkable PLL can be used to modify many other polymers and the 
tethered chains provide sites for further chemical modifications to assist regeneration of 
the nervous system.  
 
10.4 Conclusions 
A novel photo-polymerizable PLL with one end-capped allyl group has been 
synthesized for incorporating both cell integrin anchoring sites and positive charges into 
PEGDA hydrogels. PEGDA hydrogels modified with 3 mM PLL offered tunable 
microenvironmental cues. Compared with positively charged small molecular MATC, 
PLL could more greatly promote PC12 cell attachment, proliferation, neurite outgrowth, 
and viability in encapsulation, as well as NPC attachment and proliferation. Increased 
neuronogenesis at the expense of astrocyte production was observed following induction 
of NPC differentiation on the softer PEGDA hydrogels. Both differentiation lineages 
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could be enhanced by tethered PLL chains. The present results demonstrated that 
covalent immobilization of PLL in PEGDA hydrogels are promising injectable materials 
for nerve repair and regeneration. 
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CHAPTER XI 
OPTIMAL POLY(L-LYSINE) GRAFTING DENSITY IN 




Peripheral nerve injury and spinal cord injury (SCI) caused by trauma or chronic 
neurodegenerative diseases such as amyotrophic lateral sclerosis or even multiple 
sclerosis are complicated clinical problems that affect millions of people.[1-3] Although 
some success has been achieved for short peripheral nerve gaps using autologous or 
artificial nerve grafts from biodegradable polymers, bridging large injury gaps is still 
challenging.[1,2] Much effort has been focused on developing numerous tissue 
engineering approaches for SCI, while current clinical treatments still offer little hope for 
successful functional recovery.[3] Neural stem/progenitor cells with the ability to self-
renew and differentiate into neuronal and glial lineages have shown great promise in 
these two scenarios.[1,4] They are able to remyelinate axons and secrete neurotrophic 
factors, which can stimulate axonal regeneration, if transplanted to the site of injury in 
vivo.[1,4] Therefore, it is crucial to develop biodegradable cell delivery vehicles with 
bioactivity that can foster cell survival and guide desired differentiation for achieving 
functional reconnection and recovery of the injured nerves.[1-6] 
Polyethylene glycol (PEG) is a widely used polymer for biomedical applications 
because of its characteristics including good biocompatibility, non-immunogenicity, 
resistance to protein adsorption, and tunable mechanical properties.[6,7] Previously I 
have synthesized photo-crosslinkable PEG diacrylate (PEGDA) via facile condensation 
by reacting the two hydroxyl end groups with acryloyl chloride using potassium 
carbonate (K2CO3) as a proton scavenger.[8,9] Because of its inert nature to cellular 
affinity, numerous soluble factors as well as functional groups such as acrylated Arg-Gly-
Asp (RGD) ligands and cationic 2-(methacryloyloxy)-ethyl-trimethylammonium chloride 
(MTAC) have been incorporated into PEG-based hydrogel to improve its bioactivity.[10-
15] PEGDA hydrogels conjugated with RGD ligands, a cell-binding peptide, could 
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significantly improve attachment, spreading, and mineralization of osteoblasts and 
osteogenesis of mesenchymal stem cells (MSCs) in a dosage-dependent manner, meaning 
that a higher concentration resulted in better cell responses before saturation.[11-13] 
Cationic MTAC covalently bonded hydrogels generally exhibited an optimal charge 
density to best promote cell behavior such as endothelial cell attachment and dorsal root 
ganglion (DRG) neurite extension.[14,15] As an alternative approach, I recently 
developed a photo-polymerizable poly(L-lysine) (PLL) with positive charges and used it 
to modify PEGDA hydrogels for promoting nerve cell functions.[8] PLL is known to 
modulate cell adhesion via a non-receptor-mediated cell binding mechanism via 
electrostatic bond formation between positive charges on PLL and the negatively charged 
cell membrane.[16] At a lower charge density than MTAC, PLL-grafted hydrogels could 
better promote attachment, proliferation, and differentiation of pheochromocytoma 
(PC12) cells and neural progenitor cells (NPCs).[8] 
Our PLL-grafted hydrogels serve as an ideal system to achieve better fundamental 
understanding of the role of PLL chains in regulating cell behavior. They have a well-
defined structure and ease of measuring dissociated positive charge density and PLL 
grafting density. In contrast, standard PLL-coated substrates have several disadvantages, 
including the lack of long-term stability and constant density, influence on cell behavior 
by soluble or desorbed PLL, and difficulty in determining the positive charge density on 
these substrates.[16,17] For copolymers of PLL-g-PEG synthesized through the 
functionalization of the amino groups of PLL, fewer free amine groups but more 
secondary amine groups can lead to loss of positive charges and the extent varies with 
molar ratios of PLL/PEG, although it is believed that high free amine concentrations can 
be cytotoxic.[18,19] That said, our prior work on PLL-grafted hydrogels raises several 
fundamental questions about hydrogel and NPC function. It is unclear how the grafting 
density of PLL influences hydrogel and NPC properties. Moreover, the dose dependency 
of grafted PLL in the hydrogels in regulating NPC differentiation into all three central 
nervous system (CNS) lineages (neurons, astrocytes and oligodendrocytes) has not been 
explored. 
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Here I have performed a systematic study of PEGDA hydrogels grafted with 
different amounts of PLL to investigate the effect of PLL grafting density on E14 mouse 
NPC behavior in terms of viability in encapsulation, attachment, proliferation, 
differentiation, and gene expression. The hydrogel networks were prepared using the 
PEGDA with a nominal molecular weight of 10000 g/mol, which was previously found 
to best support NPC attachment, proliferation, and differentiation compared with other 
two stiffer hydrogels made from PEGDAs with nominal molecular weights of 3000 and 
1000 g/mol.[8] I photo-crosslinked PLL with this PEGDA and varied the weight 
compositions of PLL (PLL) from 0-5%. The actual amount of PLL grafted on the 
hydrogels and their charge densities have been characterized using energy dispersive x-
ray spectroscopy (EDS) and zeta-potential measurements. The coverage of PLL chains on 
the hydrogels was estimated and compared with the feeding PLL. NPC viability in 
encapsulation in the hydrogels, and attachment and proliferation on the hydrogels were 
analyzed in a serum-free growth media. Using immunohistochemistry and real-time 
polymerase chain reaction (PCR), the ratios of NPC differentiated toward all three 
lineages were quantified and correlated with their morphology and gene expression. By 
demonstrating PLL grafting density-dependent NPC responses, I have not only achieved 
better understanding on the effect of grafted PLL, but also offered a versatile PLL-grafted 
PEGDA hydrogel with an optimal PLL as a cell delivery vehicle to promote NPC 
functions for nerve regeneration.  
 
11.2 Experimental Section 
11.2.1 Synthesis and Photo-crosslinking. 
 All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless 
otherwise noted. PEGDA (Mn = 14500 g/mol, Mw = 15300 g/mol) was synthesized by 
reacting PEG with acryloyl chloride in the presence of K2CO3.[8] Photo-polymerizable 
PLL (Mn = 3060 g/mol, Mw = 3750 g/mol) was synthesized via ring-opening 
polymerization of Z-L-Lys-N-carboxyanhydride using allylamine as an initiator.[8] 4-(2-
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hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure 2959, Ciba Specialty 
Chemicals, Tarrytown, NY) was used as a photo-initiator for crosslinking. The precursor 
solutions were prepared by dissolving 0, 1, 2, 3, and 5 wt.% photo-polymerizable PLL in 
deionized (DI) water with 30 wt.% PEGDA and 0.05 wt.% Irgacure 29511. The precursor 
solution was transferred into a mold formed by a Teflon spacer (0.37 mm, thickness) 
between two glass plates and then exposed for 10 min to UV light (= 365 nm) 
generated from a high-intensity (4800 w/cm2) long-wave UV lamp (SB-100P, 
Spectroline). The distance between the sample and the lamp head was ~7 cm. Except for 
measuring swelling ratios and gel fractions, the hydrogels were fully soaked and washed 
in DI water for 1 day and repeated three times to remove sol fraction before physical 
characterization and cell studies. 
11.2.2 Hydrogel Characterization 
    To examine the swelling ratios and gel fractions, three hydrogels from each group were 
dried immediately after crosslinking and weighed (W0). Then the hydrogels were 
immersed in DI water or cell culture media for 1 day, blotted dry, and weighed (Wd). The 
swollen hydrogels were completely dried in vacuum and weighed again (Ws). The 
swelling ratios and gel fractions were calculated using the equations of (Ws - Wd)/Wd and 
Wd/W0  100%, respectively.[20-23] Linear viscoelastic properties of neutral and PLL-
grafted PEGDA hydrogels, including storage modulus G', loss modulus G", and 
viscosity as functions of frequency, were measured on a strain-controlled rheometer 
(RDS-2, Rheometric Scientific) with a small strain (= 1%) in the frequency () range 
of 0.1-100 rad/s.[20-23] A 25 mm diameter parallel plate flow cell and a gap of ~1.0 mm 
were used, depending on the thickness of the hydrogel. To measure the zeta-potential 
values of the hydrogels, the samples were homogenized into particles (~1 m, diameter) 
in 4-(2-hydroxyethyl) piperazine-1-ethanesulfonicacid sodium salt (HEPES) buffer 
solution (HEPES 0.005 M, NaHCO3 0.0155 M, NaCl 0.14 M, pH = 7.4).[24] Zeta-
potential measurements were then performed on a Delsa
TM
 Nano C Zeta Potential 
Analyzer (Beckman Coulter, Brea, CA). EDS (S-3500, Hitachi Instruments, Tokyo, 
Japan) was used to determine the weight fractions of C, O, and N in the total amount of 
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these three atoms on the completely dried PLL-grafted PEGDA hydrogel surfaces at an 
accelerating voltage of 20 kV. The amount of grafted PLL was then calculated from the 
weight percentage of N atoms. 
11.2.3 Viability of Photo-encapsulated NPCs 
 NPCs from E14 mouse cortex were cultured in tissue culture flasks in an incubator 
with 5% CO2 and 95% relative humidity at 37 C using serum-free growth media 
containing DMEM/F12 medium (Invitrogen, Carlsbad, CA) with 2% StemPro neural 
supplement (Invitrogen), 20 ng/mL basic fibroblastic growth factor (bFGF, Invitrogen), 
20 ng/mL recombinant human epidermal growth factor (EGF, Invitrogen), 1% 
GlutaMAX (Invitrogen), and 1% penicillin/streptomycin (Invitrogen). Cell culture media 
was changed every two days and cells were split when they were 70% confluent. NPCs 
were trypsinized, centrifuged, and re-suspended at a density of ~200000 cells/mL in the 
precursor solution and crosslinked under UV light for 10 min. The cell-laden hydrogels 
were then immersed in the cell culture media and cultured for 7 and 14 days. Cell 
viability was determined using LIVE/DEAD Viability/Cytotoxicity kit (Invitrogen) at 
each time point. Separate images were taken for viable cells with green fluorescence and 
non-viable cells with red fluorescence. Cell viability or the percentage of green cells was 
calculated from the number of green cells divided by the total number of cells. At least 
500 cells were counted for each hydrogel group. Foe each hydrogel, four disks were used 
and evaluated in all the cell studies. 
11.2.4 NPC Attachment and Proliferation 
 Prior to cell studies, neutral and PLL-grafted PEGDA hydrogels were cut into disks 
(~8 × ~1.0 mm, diameter × thickness), sterilized in 70% alcohol solution overnight, and 
rinsed adequately in phosphate-buffered saline (PBS). NPCs were seeded onto the sterile 
hydrogel disks in a 48-well tissue culture polystyrene (TCPS) plate at a density of 
~15000 cells/cm
2
 for 12 h, 1, 4, and 7 days. Cells were also seeded on empty wells at the 
same density as the positive control. The attached cells at each time point were 
trypsinized and the cell number was determined using a hemacytometer. Attached cells 
were also fixed in 4% paraformaldehyde (PFA) solution at room temperature for 10 min 
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and rinsed with PBS. Cell nuclei were stained with 4',6-diamidino-2-phenylindole 
(DAPI) at room temperature for photographing using an Axiovert 25 light microscope 
and an AxioCam ICm1 camera (Carl Zeiss, Germany). The cell number identified by 
DAPI-stained cell nuclei was counted from at least seven fluorescence images and 
averaged. For immunostaining, fixed cells were blocked with PBS containing 0.3% 
Triton X-100 and 1% bovine serum albumin (BSA) at room temperature for 30 min. 
After blocking, cells were incubated with a diluted primary antibody of mouse 
monoclonal anti-nestin (1:500) at 37 C for 1 h and then at 4 C overnight. After washing 
using PBS containing 1% BSA three times, cells were stained with a secondary antibody 
of goat anti-mouse IgG-FITC (1:100) at 37 C in the dark for 2 h and then washed with 
PBS three times. Cell nuclei were counter-stained using DAPI. Percentage of nestin 
positive cells to the total number of cells in each image was counted. At least ten images 
were analyzed and averaged.  
11.2.5 NPC Differentiation 
 For NPC differentiation, cells were seeded onto the sterile hydrogel disks at a density 
of ~5000 cells/cm
2
. After cells attached, the growth media were removed and replaced 
with a differentiation media containing DMEM/F12, 1% FBS, 1% GlutaMAX, and 1% 
penicillin/streptomycin.[31] Cells were cultured in the differentiation media for 
additional 7 days. Differentiated cells were fixed and blocked using the same procedure 
mentioned in the previous section. The following primary antibodies were used for 
immunohistochemistry: mouse monoclonal anti--tubulin III (1:500) for immature 
neurons; rabbit monoclonal anti-neurofilament 200 (NF, 1:1000) for mature neurons; 
rabbit monoclonal anti-glial fibrillary acidic protein (GFAP, 1:500) for astrocytes; mouse 
monoclonal anti-oligodendrocyte marker O4 (1:1000; R&D Systems, Minneapolis, MN) 
for oligodendrocytes. The secondary antibody of goat anti-mouse IgG-FITC (1:100) was 
used for staining nestin, -tubulin III, and O4, while the secondary antibody of CF647 
goat anti-rabbit IgG (1:100, Biotium, Hayward, CA) was used for staining NF and GFAP. 
Differentiation in terms of positive antibody expression was quantified by counting the 
number of cells that expressed the marker divided by the total number of cells identified 
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by DAPI-stained nuclei. Neurite outgrowth was quantified from images stained with NF. 
Only neurites longer than the diameter of cell body (~10 m) were recorded. At least ten 
images from each group were analyzed and averaged. Based on the total cell number, the 
number of neurite-bearing cells, the number of neurites per cell, and the length of each 
neurite, I calculated percentage of cells bearing neurites, the number of neurites per cell 
or per neurite-bearing cell, average neurite length, and total neurite length per cell or per 
neurite-bearing cell.  
 
Table 11.1 Oligonucleotide primer sequences for real-time PCR. 
Primer Accession # Sequence (5' - 3') Template Product size (bp) 
Nestin NM_016701 CAA GAA CCA CTG GGG TCT GT 3396-3415 119 
  CCT CCT GGT GAT TCC ACA GT 3495-3514  
-tubulin IIINM_023279 CGA GAC CTA CTG CAT CGA CA 633-652 152 
 CAT TGA GCT GAC CAG GGA AT 765-784  
NSE NM_013509 TGA TCT TGT CGT CGG ACT GTG T 1234-1255 73 
  CTT CGC CAG ACG TTC AGA TCT 1286-1306  
GFAP X_02801 TGT GGA GGG TCC TGT GTG TA 7435-7454 199 
  GTA GCC TGC TCC ACC TTC TG 7614-7633  
MOG NM_010814 AAA TGG CAA GGA CCA AGA TG 240-259 140 
  AGC AGG TGT AGC CTC CTT CA 360-379  
GAPDH NM_008084 ACT TTG TCA AGC TCA TTT CC 961-980 267 
  TGC AGC GAA CTT TAT TGA TG 1208-1227  
 
11.2.6 NPC Gene Expression 
 Differentiated NPCs were trypsinized and total RNA was isolated using RNeasy 
Mini Kit (Qiagen, Valencia, CA). The amount of total RNA from each sample was 
quantified using Nanodrop1000 spectrophotometer (Thermo Scientific, Wilmington, DE). 
Reverse transcription of isolated RNA was then performed using DyNAmo cDNA 
synthesis kit (Thermo Scientific) according to the manufacturer’s protocol. The 
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oligonucleotide primers including nestin, -tubulin III, neuron specific enolase 2 (NSE), 
GFAP, myelin oligodendrocyte glycoprotein (MOG), and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) were used for real-time polymerase chain reaction (PCR) and 
their sequences are listed in Table 11.1. Real-time PCR reactions were performed in 25 
L of PCR mixture consisting of each cDNA sample, a specific primer, and a Power 
SYBR
® 
Green PCR Master Mix (Applied Biosystems, Carlsbad, CA). Thirty PCR cycles 
with each cycle consisting of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, 
and elongation at 72 °C for 30 s were implemented using a Peltier Thermal Cycler with 
fluorescence detection systems (PTC-200, MJ Research). The expression of target genes 
was normalized to the level of GAPDH. 
11.2.7 Statistical analysis 
All data are presented as mean ± standard deviation. Statistical computations were 
performed by one-way analysis of variance (ANOVA) followed by Tukey post-hoc test. 
The values were considered significantly different when the p-value was less than 0.05. 
 
11.3 Results and Discussion 
































Figure 11.1 Preparation of PLL-grafted PEGDA networks via photo-crosslinking. 
Integers n and m are estimated from Mn to be 23 and 327, respectively. 
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Using photo-polymerizable and water-soluble PLL with one end group of carbon-
carbon double bond, PEGDA hydrogels could be easily and efficiently modified by 
pendent PLL chains via photo-crosslinking (Figure 11.1). The bulk and surface properties 
of PEGDA hydrogels grafted with different amounts of PLL at PLL of 1-5% were 
characterized. As shown in Figure 11.2a, the neutral and PLL-grafted hydrogels had high 
gel fractions of ~75% at PLL of 1-3% and ~70% at PLL of 5%, ensuring integrity and 
smoothness of the hydrogels after removal of sol fraction. As an indicator of crosslinking 
density, the swelling ratios in DI water (Figure 11.2b) were ~15 for the neutral and PLL-
grafted hydrogels at PLL of 1-2% without statistical difference. Because PLL could 
polymerize by itself at high PLL and the covalent linkage of PLL along the PEG blocks 
decreased the crosslinking density, the swelling ratio for hydrogels at higher PLL of 3% 
and 5% increased to 16.8 and 19.4, respectively. The swelling ratios in culture media 
showed the same trend, despite slightly lower values due to charge screening. The 
decrease in crosslinking density was commonly seen in many polymer networks heavily 
grafted with polymer chains bearing one reactive end. [25,26] This phenomenon was also 
evidenced by rheological properties, where G', G", and  were proportional to the 
hydrogel crosslinking density. As shown in Figure 11.2c, all the neutral and PLL-grafted 
PEGDA hydrogels demonstrated characteristic curves of hydrogel networks because G' 
had no frequency dependence in the frequency range of 0.1-100 rad/s and it was 
constantly greater than G". Shear thinning behavior in  was found for all the hydrogels 
(Figure 11.2d). The shear modulus G, i.e., the average value of G' in the tested frequency 
range, showed similar values of 9.2 ± 0.3, 9.5 ± 0.3, 8.7 ± 0.2 kPa for the neutral and 
PLL-grafted hydrogels at PLL of 1% and 2% and it decreased to 6.7 ± 0.2 and 4.7 ± 0.1 
kPa at PLL of 3% and 5%, respectively. 
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Figure 11.2 (a) Gel fraction, (b) swelling ratios in DI water and culture media, (b) storage 
modulus G' and loss modulus G", and (d) viscosity  at 37 °C vs. frequency for the 
neutral and PLL-grafted PEGDA hydrogels. *, p < 0.05 relative to other hydrogels. 
 
To precisely quantify the charge densities of the PLL-grafted hydrogels and the 
amounts of actually grafted PLL, zeta potential values and N atomic weight fractions 
were measured for all the hydrogels after complete removal of the sol fraction. As shown 
in Figure 11.3a, the zeta potential at pH 7.4 gradually increased from 0.16 ± 0.07 mV for 
the neutral hydrogel to 14.3 ± 0.5 mV for the PLL-grafted hydrogels with PLL of 5%. 
The amounts of PLL grafted in the networks were calculated from the weight fractions of 
N atoms in the total amounts of C, O, and N atoms in dried hydrogels, which were 
obtained from EDS measurements. The amount of actually grafted PLL in the networks 
increased proportionally with PLL. The PLL graft ratios were 0.53, 0.50, 0.48, and 0.42 
for the PLL-grafted hydrogels at PLL of 1%, 2%, 3%, and 5%, respectively. Untethered 
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PLL chains might be the result of lower reactivity of photo-polymerization for the allyllic 
double bond from PLL than the acrylate groups from PEGDA in dilute aqueous solutions. 
As shown in Figure 11.3b, the amounts of grafted PLL in the hydrogels were in a good 
linear relationship (slope = 2.17, intercept = 0.05, R = 0.9993) with their zeta potential 
values, indicating that the positive charge densities of the hydrogels were dependent on 
dissociated amine groups of pendent PLL chains. The coverage of PLL chains on the 
surface of PEGDA hydrogels was estimated using the Kuhn length b of 3.6 nm for PLL 
[27] and 0.7 nm for PEG [28] and the mean-square radius of gyration Rg
2
 of them. Rg
2
 for 
tethered PLL chains was calculated to be 97.4 nm
2
 using eq. 1 [29] and Rg
2
 for PEGDA 
hydrogels in swollen state was calculated to be 54.6 nm
2
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where N is the number of repeating units, Rg,PEGDA
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() is the Rg
2
 for PEGDA hydrogels in 
 condition, and PEGDA is the volume fraction of PEGDA hydrogel in water obtained 
from the swelling ratio. Calculated from the amounts of grafted PLL measured using 
EDS, the molar fractions of actually grafted PLL (PLL) in the hydrogels were 7.7%, 
13.6%, 18.4%, and 24.9% for PLL-grafted hydrogels at PLL of 1%, 2%, 3%, and 5%, 
respectively. Therefore, the approximate coverage (C) values of grafted PLL chains on 
the surface calculated using eq. 3 were 13%, 22%, 29%, and 37% for the PLL-grafted 
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These results confirmed the positively charged nature of hydrogels and different amounts 
of covalently grafted PLL chains could result in different PLL coverage on the hydrogels, 
which consequently could influence NPC behavior as discussed in the following contents.  
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Figure 11.3 (a) Composition of grafted PLL and zeta potential vs. feed composition of 
PLL (PLL) for the neutral and PLL-grafted PEGDA hydrogels. The dashed diagonal line 
indicates the theoretical values if PLL grafting ratio is 100%. (b) Zeta potentials vs. 
composition of grafted PLL calculated from N atomic percentage. p < 0.05 between any 
two hydrogels. 
 
11.3.2 NPC Viability in Encapsulation 
NPCs were photo-encapsulated and cultured in the hydrogels for 7 and 14 days to 
investigate the effect of PLL grafting density on the cell survival in 3D hydrogels. From 
the LIVE/DEAD assay that stained live cells green and dead cells red in Figure 11.4a, I 
counted the percentage of live cells in the entire cell population at these two time points, 
which was cell viability in Figure 11.4b. The NPC viability was 87% in the neutral 
hydrogel at day 7, and it increased to 92% and ~95% for the PLL-grafted hydrogels with 
PLL of 1% and 2-5%, respectively. More red cells were seen after a longer period of 14 
days in the neutral hydrogel and the cell viability significantly decreased to 79%; 
however, there was only a slight decrease to 88% and ~92% without statistically 
significant difference from the values at day 7 in the PLL-grafted hydrogels with PLL of 
1% and 2-5%, respectively. These results suggested that the pendent PLL chains with 
positive charges in the hydrogels could significantly improve the viability of NPCs. 
Previously I examined the viability of encapsulated PC12 cells in the PLL-grafted 
hydrogel with PLL of 1% for no more than 7 days, showing consistent results of much 
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higher PC12 viability than in the neutral hydrogel.[8] The present study also 
demonstrated the effect of PLL grafting density on NPC viability, higher PLL of 2-5% 
could provide better support for cell survival than PLL of 1%. These PLL-grafted 
hydrogels could serve as a good cell delivery vehicle to maintain high cell viability (> 
90%) for as long as 14 days, similar to the effect of tethered RGD peptide or soluble 













































Figure 11.4 NPC encapsulation in the neutral and PLL-grafted PEGDA hydrogels for 7 
and 14 days. (a) Fluorescence images stained using LIVE-DEAD assay. Scale bar of 200 
m is applicable to all. (b) Cell viability after encapsulation. *, p < 0.05 relative to other 
hydrogels at day 7. #, p <0.05 relative to other hydrogels at day 14 and hydrogel with 
PLL of 0% at day 7.  
 
11.3.3 NPC Attachment and Proliferation 
 The effect of PLL grafting density on the attachment and proliferation of NPCs was 
evaluated in serum-free conditions, where the factor of serum protein adsorption on the 
hydrogels could be excluded. As shown in the DAPI-stained fluorescence images in 
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Figure 11.5a, the size and number of neurospheres on the hydrogels demonstrated their 
dependence on PLL. The PLL-grafted hydrogels always supported more NPCs than the 
neutral hydrogels at all time points. Normalized NPC attachment (Figure 11.5b) was 
determined at 12 h post-seeding. Only ~70% NPCs attached on the neutral hydrogels 
relative to tissue-culture polystyrene (TCPS), which was the positive control set with 
100% attachment. The NPC attachment gradually increased to ~87% and ~110% for 
PLL-grafted hydrogels with PLL of 1% and 2-5%, respectively. I have found a similar 
trend for the effect of PLL on NPC proliferation over 7 days (Figure 11.5c), where the 
cell number increased on the hydrogels grafted with more PLL chains up to PLL of 3%. 
The proliferation index (PI), i.e., the ratio of the cell number at day 7 to the attached cell 
number at 12 h post-seeding, weakly varied from 5.0 ± 0.3 on the neutral hydrogel to 5.2 
± 0.4 and ~5.4 on the PLL-grafted hydrogels with PLL of 1% and 2-5%, respectively. 
This result suggested that the difference in the cell numbers at longer time was mainly 
determined by the initial cell attachment. Consistent with our previous result that the 
PLL-grafted hydrogel at PLL of 1% showed better NPC attachment and proliferation than 
the neutral hydrogel,[8] the present results demonstrated that an optimal PLL grafting 
density for promoting cell attachment and proliferation was at PLL of 2-5%. As 
mentioned earlier, the free amine groups on the PLL chains produce a basic monopolar 
surface to facilitate cell adhesion through electrostatic interaction.[16] Enhancement of 
grafted PLL chains in NPC attachment was greater than that in PI because PLL chains 
could best interact with the negative charges on the cell membrane during cell attachment 
and early proliferation period, which occur within one day post-seeding, while newly 
proliferated cells can form larger cell aggregates or neurospheres, which are prohibited 
from interacting with the substrates.[31] I have also immunostained NPCs after 7-day 
proliferation with nestin, a neural progenitor specific marker, to confirm the progenitor 
nature of cells prior to further studies of cell differentiation toward different lineages and 
their gene expression.[31,32] Almost 100% of cells remained nestin-positive on all the 
hydrogels, indicating that cells maintained an immature and undifferentiated state in the 
serum-free growth media. 






































































































Figure 11.5 E14 mouse NPC attachment and proliferation on the neutral and PLL-grafted 
PEGDA hydrogels. (a) Fluorescence images of neurospheres stained with DAPI (blue) at 
days 1, 4, and 7, and immunostained with anti-nestin (green, undifferentiated NPCs) in 
the same field at day 7 post-seeding. Scale bar of 200 m is applicable to all. (b) Cell 
attachment at 12 h, and (c) cell numbers at days 1, 4, and 7, compared with cell-seeded 
TCPS as positive (+) control. *, p < 0.05. +, p < 0.05 relative to other hydrogels. 
 
11.3.4 NPC Differentiation 
 NPCs differentiated into all three primary CNS lineages of neurons, astrocytes, and 
oligodendrocytes on the PLL-grafted hydrogels in mixed differentiation media (1% FBS) 
[31,32] to investigate the effect of PLL grafting density on the lineage commitment. 
NPCs at a lower density of 5000 cells/cm
2
 was seeded on the PLL-grafted hydrogels to 
ensure sufficient space for cell differentiation, neurite outgrowth, and interactions 
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between cells and substrates rather than forming neurospheres with dominant cell-cell 
contact at high cell densities. Phase-contrast and fluorescence images immunostained 
using differentiation markers were assessed to determine the lineage commitment of 
NPCs and their morphological characteristics.  





































Figure 11.6 Phase-contrast and fluorescence images of NPCs differentiated on the neutral 
and PLL-grafted PEGDA hydrogels for 7 days. Differentiated NPCs were immunostained 
with anti-NF (red, mature neurons), anti--tubulin III (green, immature neurons), anti-
GFAP (red, astrocytes), and anti-O4 (green, oligodendrocytes), and counter-stained with 
DAPI (blue). Scale bar of 200 m is applicable to all. 
 
As shown from the optical images in Figure 11.6, most cells remained a round 
phenotype and only a few cells extended short neurites on the neutral hydrogels, while 
many more cells bearing neurites were found on the PLL-grafted hydrogels with PLL of 
1-3%. NPCs differentiated on the hydrogels with a higher PLL density (PLL = 5%) but 
did not form many neurites. NPCs stained with a mature neuronal marker NF displayed 
typical neurite morphology and best neurite extension on the PLL-grafted hydrogels with 
PLL of 2%, whereas only a few mature neurites extended on the neutral hydrogels or 
hydrogels with PLL of 5%. Double immunohistochemistry of -tubulin III (green) and 
GFAP (red) demonstrated a comparison between neuronal and astrocytic differentiation, 
indicating that both lineages were promoted on the PLL-grafted hydrogels. 
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Oligodendrocytes were also evaluated by staining differentiated NPCs with O4 marker. 




























































































Figure 11.7 Percentages of differentiated (a) NPCs, (b) neurons (NF-positive), (c) 
astrocytes (GFAP-positive), and (d) oligodendrocytes (O4-positive) on the neutral and 
PLL-grafted PEGDA hydrogels after 7-day culture in differentiation media. *, p < 0.05. +, 
p < 0.05 relative to other hydrogels. 
 
The percentage of differentiation toward each lineage was quantified by dividing the 
number of antibody-positive cells by the total cell number, as shown in Figure 11.7. The 
total percentage of NPC differentiation (Figure 11.7a) toward all three lineages increased 
dramatically from 31 ± 8% on the neutral hydrogels to 85 ± 11% at PLL of 1% and 100 ± 
15% at PLL of 2%, while higher PLL of 5% resulted in decreased differentiation of 61 ± 
19%. A similar non-monotonic dependence on PLL was found for neuronal 
  282 
differentiation (Figure 11.7b) as the highest percentage of ~44% NPCs expressed NF on 
the hydrogels with an intermediate PLL grafting density at PLL of 2%, while higher PLL 
of 5% less supported differentiation toward mature neurons. Astrocytic differentiation 
(Figure 11.7c) demonstrated a much higher percentage of ~40% for hydrogels at PLL of 
1-3%, while only ~8% and ~25% of astrocytes were differentiated on the neutral 
hydrogels and PLL-grafted hydrogels at PLL of 5%, respectively. Oligodendrocyte 
differentiation (Figure 11.7d) was not well supported on all the hydrogels under the 
current differentiation condition. Only ~7% O4-positive cells were found on the neutral 
hydrogels and this percentage slightly increased to ~14% for all the PLL-grafted 
hydrogels.  
Besides the percentage of differentiated NPCs that displayed neuronal morphology, 
I also quantified neurite formation on these cells from NF-immunostained images, as 
exhibited in Figure 11.8. Again, a parabolic or non-monotonic trend with PLL was shown 
in the percentage of cells bearing neurites (Figure 11.8a) and the number of mature 
neurites per cell or neurite-bearing cell (Figure 11.8b) and the highest number was found 
on the hydrogels with PLL of 2%. Neurite extension in terms of the average neurite 
length (Figure 11.8c) and the total neurite length per cell or neurite-bearing cell (Figure 
11.8d) also showed the same trend. For example, the average neurite length increased 
significantly from 16 ± 5 m on neutral hydrogels to 27 ± 11 and 37 ± 14 m on the 
hydrogels with PLL of 1% and 2%, and then decreased to 22 ± 9 m at higher PLL of 
5%. The distinct morphologies of single NPCs with typical neurite outgrowth on the 
hydrogels with different PLL could be seen from the fluorescence images in Figure 11.8e. 
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Figure 11.8 (a) Percentage of neurite-bearing cells, (b) number of neurites per cell or per 
neurite-bearing cell, (c) average neurite length, (d) total neurite length per cell or per 
neurite-bearing cell, and (e) fluorescence images of NPC neurite outgrowth 
immunostained with NF on the neutral and PLL-grafted PEGDA hydrogels after 7-day 
culture in differentiation media. *, p < 0.05. +, p < 0.05 relative to other hydrogels. 
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Figure 11.9 Gene expression levels of (a) nestin, (b) -tubulin III, (c) NSE, (d) GFAP, 
and (e) MOG, normalized to that of GAPDH for NPCs cultured on neutral and PLL-
grafted PEGDA hydrogels in differentiation media for 7 days. +, p < 0.05 relative to 
other hydrogels. 
 
 Gene expression of differentiated NPCs for 7 days was conducted using real-time 
PCR to further understand their fate decisions on the hydrogels with different PLL 
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grafting densities. As shown in Figure 11.9a, the nestin expression normalized to the 
level of housekeeping gene GAPDH was low (~0.017) on the neutral hydrogels and even 
lower (~0.004) on the PLL-grafted hydrogels with PLL of 2%, in agreement with the 
immunostained images that much fewer immature NPCs appeared on the PLL-grafted 
hydrogels than on the neutral ones after 7-day differentiation. The low expression and 
down-regulation of nestin in differentiation can be seen in previous reports that the nestin 
mRNA level decreased by over 10 folds at day 8 compared with day 0.[31] The 
expression levels of -tubulin III (Figure 11.9b), an early neuronal marker, and NSE 
(Figure 11.9c), a mature neuronal marker, both demonstrated a non-monotonic 
dependence on PLL for differentiated NPCs. They first significantly increased from the 
neutral hydrogel to the PLL-grafted hydrogels with PLL of 2%, and then decreased at 
higher PLL of 3-5%. Much higher expression of NSE than -tubulin III indicated that 
more mature neurons were differentiated on the hydrogels. A similar trend on PLL was 
found for the expression of GFAP (Figure 11.9d), an astrocyte marker, which maximized 
on the PLL-grafted hydrogels with PLL of 2%. As shown in Figure 11.9e, the mature 
oligodendrocyte marker MOG yielded relatively low expression (< 0.15) for all the 
samples compared with other lineages. It was consistent with fewer O4-positive cells 
than other markers quantified from fluorescence images, but a similar trend could still be 
seen as that expression on the hydrogels with PLL of 2-3% was upregulated compared 
with other compositions. 
 
11.4 Further Discussion  
Chemical, topological and mechanical properties are three major determining factors 
for biomaterials to influence cell functions.[33] In this study, the surface chemistry of 
PEGDA hydrogels was modified by different amounts of tethered PLL chains. Because 
of the dissociation of the primary amine groups, PLL grafted on the hydrogels can 
introduce positive charges and monopolar basic surface to modulate NPC adhesion and 
other adhesion-mediated cell behaviors via electrostatic interaction with the negatively 
charged cell membrane.[16,34-37] Despite the  degradability of PEGDA-based 
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hydrogels, in the duration for our studies, i.e., 7 and 14 days, no evident degradation or 
decrease in mechanical properties was found. 
The effect of PLL on cell behavior depends on the amount of amine groups, which is 
determined by both the molecular weight and concentration.[19,34-37] Our PLL-grafted 
PEGDA hydrogels all could promote NPC viability in 3D encapsulation, attachment and 
proliferation with dependence on the PLL grafting density up to PLL of 2%. Meanwhile, 
no cytotoxic effect of PLL was observed at PLL of 1-5% when NPCs were encapsulated 
in the hydrogels. The reasons might be the low molecular weight PLL (~3000 g/mol) and 
the extensive swelling of the hydrogels. For NPC differentiation, however, I observed a 
parabolic or non-monotonic trend, showing that an optimal PLL of 2% could best 
promote both neuronal and astrocytic differentiation. Grafted PLL on the hydrogels were 
also found to influence cellular differentiation pathways that upregulated mRNA gene 
expression of both mature neuronal and astrocytic markers at an intermediate grafting 
density when PLL was 2%. The difference in 2D and 3D cell culture can be a simple 
reason for the distinct dependence on PLL between viability and differentiation,[38] as 
the mesh size in the hydrogels and permeability increased with incorporating more PLL 
and thus the environment for photo-encapsulated NPCs was improved. The promoted 
NPC differentiation into both neuronal and glial lineages and extensive neurite outgrowth 
on the hydrogel with an optimal PLL density is critical for its application in guiding 
neurogenesis in vivo for nerve regeneration.[4] The mechanisms of fewer neurons and 
astrocytes and lower gene expression after differentiation at PLL of 5% are not fully 
understood and warrant further investigation. The reasons might be that either these 
differentiated phenotypes could not survive or the downstream cellular pathways were 
altered by densely grafted PLL chains.  
A previous study found that 5 g/mL PLL (400000 g/mol) coated on glass surface 
promoted attachment of embryonic brain cells.[16] In another study, a lower 
concentration (1 g/mL) of PLL (70000-150000 g/mol) could enhance MSC adhesion, 
spreading, proliferation, and chondrogenic differentiation, while a higher concentration of 
PLL (10 g/mL) induced cell detachment and spheroid formation.[34] An optimal 
concentration (0.5%) of poly(D-lysine) (1000-4000 g/mol) was reported to improve the 
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2D neuronal survival and neurite extension when immobilized onto chitosan, while a 
higher concentration decreased the cell number and neurite lengths.[35] Spreading of red 
blood cells was studied on glass slides coated with PLL of different molecular weights 
and concentrations.[36] The largest cell spreading was observed on glass treated by PLL 
coating solutions with molecular weights and concentrations of 500 g/mol and 100 
mg/mL, 3800 g/mol and 10 mg/mL, or 72000 g/mol and 0.1 mg/mL.[36] Low PLL 
concentrations were found to only weakly enhance cell adhesion, whereas high 
concentrations and molecular weights induced cell lysis.[36] The viability of L929 mouse 
fibroblast was found to decrease in PLL solutions (36600 g/mol, 0.1 mg/mL), showing 
the toxic effect of PLL solutions at high concentrations, which might be because of too 
strong interactions of polycations with cell membranes or their influence on intracellular 
signal transduction pathways.[37] These previous results demonstrated that PLL chains 
are beneficial for cell functions in a concentration or surface density range that varies for 
different cell types and substrates, consistent with our findings on NPCs. 
A similar concentration dependence for cell responses has been seen in other 
polycations such as poly(ethylenimine) and small-molecular MTAC.[14,15,37] The 
effect of PLL on enhancing NPC behavior was previously demonstrated by us to be better 
than MTAC at the same or even lower charge density, suggesting that PLL was more 
cytocompatible.[8] Despite a non-receptor-mediated mechanism, the promotional effect 
of PLL on cell functions found in this study can be similar to RGD-modified PEGDA 
hydrogels,[11-13] although further studies are needed to provide direct evidence. The 
concentration dependence of the cell adhesive molecules such as RGD, laminin, or 
collagen was found to be different from PLL because these molecules mediate cell 
adhesion via integrin receptors and they only show promotion for cell adhesion until 
saturation effect occurs at a high concentration.[11-13,39] 
Besides the effect of PLL on cell functions in this study, the factor of mechanical 
properties could also be involved to modulate NPC behavior for hydrogels at higher PLL 
of 3-5%, whereas the factor of surface topography could be neglected because the high 
gel fractions of all the hydrogels ensured similar smooth surfaces. The rheological data in 
Figure 11.2b indicated that the PLL-grafted hydrogels with PLL of 1-2% were similar to 
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the neutral hydrogels at G of ~9 kPa, which can be converted to elastic modulus (E) of 
~27 kPa using the equation of E = 3G.[20,40] Decreased E was found to be ~20 and ~14 
kPa for the PLL-grafted hydrogels at higher PLL of 3% and 5%, respectively. A lower E 
range of 0.5-750 kPa for hydrogels was previously found to promote cell survival, 
attachment, proliferation, and differentiation toward neurons while inhibiting astroctyes 
for neural stem/progenitor cells.[8,31,40] Therefore, the similar cell viability, attachment, 
and proliferation, as well as less astrocytes for PLL-grafted hydrogels at higher PLL of 3-
5% compared with PLL of 2% might be attributed partially to their lower moduli, as well 
as the higher mesh size and permeability discussed earlier. For differentiation toward 
neurons, PLL effect was so dominant that percentage of neurons did not increase at high 
PLL. Further studies are still required to differentiate the effect of PLL and stiffness at 
high PLL in regulating NPC behavior. 
Designing a bioactive cell carrier is of pivotal importance for the use of NPCs in 
nerve repair and regeneration.[4-6] Numerous studies have been conducted to explore the 
potential of PEG-based hydrogels to deliver NPCs for neural 
transplantation.[7,8,10,18,19] NPCs encapsulated in pristine PEG hydrogels were able to 
survive and maintain their ability to proliferate and differentiate, consistent with our 
results.[10] Both the mesh size and chemistry of PEG hydrogels were critical for creating 
a better NPC niche and thus various strategies have been used to incorporate bioactive 
molecules into the hydrogels.7,8 For example, the effect of soluble factors such as 
collagen and bFGF were investigated to improve the chemical microenvironment for 
NPCs.[10] On the basis of linkage to the free amine groups, Hynes et al. developed PLL-
g-PEG hydrogels to encapsulate NPCs and they found that 55% cells differentiated into 
neuronal cell type while few cells expressed astrocytic markers and 44% cells remain 
undifferentiated after 17-day culture in differentiation media containing epidermal 
growth factor.[19]  
Although PLL has long been used in the standard coating technique on petri dishes to 
enhance cell adhesion, the method of covalently linking PLL to the polymer networks 
without functioning amine groups is rare. The present study suggests an efficient method 
to incorporate PLL chains at various PLL into the PEGDA hydrogel. Moreover, covalent 
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tethering of PLL chains on the PEGDA hydrogels ensured long-term effectiveness both 
on the surface and inside the hydrogels even after biodegradation. Because of the 
dissociation of primary amine groups, the amount of PLL chains could be easily 
characterized by zeta potentials and N content, showing a proportional increase with PLL 
and a fairly constant grafting efficiency of ~50%, and facilitating further cell studies on 
the effect of PLL grafting density. These free amine groups in PLL open a door to further 
chemical incorporation of specific cell adhesion peptides.[19,41] The PLL-grafted 
hydrogels with an optimal PLL of 2% demonstrated the ability to best promote NPC 
viability in encapsulation, attachment, proliferation, differentiation toward all three 
lineages, and neurite outgrowth, which may lead to better neurogenesis in vivo.[4] In 
future, I will explore the applications of this hydrogel with NPCs in vitro and in vivo for 
treatment of nerve injuries.  
 
11.5 Conclusions 
I have prepared a series of PLL-grafted hydrogels by photo-crosslinking 
polymerizable PLL with PEGDA at various PLL of 0-5% in DI water. The PLL grafting 
densities and the charge densities of the hydrogels were characterized and proportionally 
correlated with the feed compositions. The viability of mouse NPCs in 3D encapsulation 
in the hydrogels and their attachment and proliferation on the hydrogel disks were 
significantly promoted compared with the neutral ones up to PLL of 2%. NPC 
differentiation into different lineages demonstrated a parabolic or non-monotonic 
dependence on PLL. Significant increases in mature neurons and extensive neurite 
outgrowths as well as in astrocytes were found on the PLL-grafted hydrogels with PLL 
up to 2%, whereas fewer differentiated NPCs were shown at higher PLL of 5%. Gene 
expression of differentiated NPCs further elicited the promoted mRNA expression of 
lineage markers on hydrogels with intermediate PLL grafting densities. The present 
results demonstrated that the PLL-grafted hydrogels with an optimal PLL of 2% had great 
potential as a cell carrier and luminal filler in nerve guides for fostering nerve repair and 
regeneration. 
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CHAPTER XII  
CONCLUSION 
 
I present a facile method to synthesize photo-crosslinkable poly(-caprolactone) 
acrylates (PCLAs) and reveal tunable cell responses to photo-crosslinked PCLAs. 
Including three PCL diacrylates (PCLDAs) and two triacrylates (PCLTAs), PCLAs could 
be fabricated into polymer networks with controllable physical properties to satisfy 
diverse tissue-engineering needs, for example, bone and nerve regeneration. This novel 
synthetic method used potassium carbonate (K2CO3) as the proton scavenger other than 
widely-used triethylamine (TEA) in order to avoid colorization and potential toxicity 
from the side reaction between TEA and acryloyl chloride. In addition, this new method 
significantly simplified the purification step of the polymer products because of the 
convenient separation between inorganic particles and organic polymer solution. Through 
combining crystallite-based physical network and crosslink-based chemical network 
together, I could modulate material properties and consequently control cell responses. 
Thermal properties such as glass transition temperature (Tg), melting temperature (Tm), 
and crystallinity (c) of both uncrosslinked and crosslinked PCLAs were correlated with 
their mechanical and rheological properties. Surface characteristics such as surface 
morphology, hydrophilicity, and its capability of adsorbing serum proteins from cell 
culture medium were also examined for crosslinked PCLA disks. Mouse MC3T3-E1 cells 
and rat Schwann precursor cell line (SpL201) cells were applied to evaluate the in vitro 
biocompatibility of these polymeric networks and the roles of surface chemistry, 
crystallinity, and stiffness in regulating cell attachment, spreading and proliferation 
collectively. Semi-crystalline PCLA network with the highest c and Tm was found to 
support cell attachment, spreading, and proliferation best among all these five systems.    
I elucidate the origin and mechanism of colorization in a widely used method of 
preparing crosslinkable polymers by reacting hydroxyl-containing polymers with 
unsaturated anhydrides or acyl chlorides in the presence of triethylamine (TEA), a proton 
scavenger. Accused for causing colorization, the complexes formed between unsaturated 
anhydrides or acyl chlorides and TEA have been further revealed to be cytotoxic. Based 
on the principles for preventing colorization, inorganic weak bases such as K2CO3 are 
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recommended to replace TEA in the esterification, which can also simplify the steps of 
reaction and purification. 
To achieve a wide range of controlled mechanical properties for biodegradable 
polymer networks, a systematic investigation has been performed on regulating materials 
properties and cell behavior using hybrid networks composed of amorphous 
poly(propylene fumarate) (PPF) and three PCLDAs with variance in crystallinity and 
melting temperature. Through controlling both crosslinking density and crystallinity in 
the photo-crosslinked PPF/PCLDA blends, mechanical properties can be tuned 
efficiently. For PCLDA synthesized from a low-molecular-weight PCL diol precursor 
with a low crystallinity and a low melting point, crosslinks could completely suppress 
crystalline domains over the composition range in the PPF/PCLDA networks. 
Consequently, tensile, shear, torsional, and compression moduli all increase continuously 
with the composition of PPF or the crosslinking density for amorphous PPF/PCLDA 
networks. For PCLDAs synthesized using two PCL diols with higher molecular weights, 
crystallinity remains for the PCLDA compositions between ~80% and 100%. Minimum 
moduli and tensile stress at break has been found at the lowest required composition of 
PPF for suppressing crystallinity. Surface physicochemical properties and morphology of 
the crosslinked blend disks have been characterized and their capabilities of adsorbing 
proteins from cell culture medium have been determined. Using both mouse MC3T3-E1 
cells and rat Schwann cell precursor line (SpL201) cells, cell responses to these polymer 
networks such as cell adhesion, spreading, and proliferation are revealed to be 
dramatically distinct on different polymer networks and demonstrated parabolic 
dependence on the network composition, coincident with the mechanical properties’ 
composition dependence. 
To further enhance the mechanical properties of PPF network and to promote 
biological performance of bone tissue engineering scaffolds, I have synthesized a series 
of novel injectable and photo-crosslinkable PPF-co-polyhedral oligomeric silsesquioxane 
(POSS) copolymers via two-step polycondensation. The viscoelastic behavior of 
uncrosslinked PPF-co-POSS and the thermal, mechanical, and surface characteristics of 
photo-crosslinked PPF-co-POSS have been investigated as well as the degradation 
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behavior and microscopic POSS domain structures at various weight compositions of 
POSS (POSS). Tensile and compressive moduli and facture toughness have been 
enhanced for crosslinked PPF-co-POSS when POSS increases up to 10%, where POSS 
nanocages are well distributed and their crystallinity are completely confined in the 
networks. Decreases in these mechanical properties are observed at higher POSS because 
of decreased crosslinking density and larger POSS aggregates. The mechanical properties 
with the non-monotonic or parabolic dependence on POSS are correlated with in vitro 
mouse pre-osteoblastic MC3T3-E1 cell functions including cell attachment, spreading, 
proliferation, differentiation, and gene expression, which all maximize at POSS of 10%.  
In order to improve the hydrophobicity of PPF network, I present a method to modify 
PPF, by photo-crosslinking it with methoxy poly(ethylene glycol) monoacrylate 
(mPEGA) at various mPEGA compositions of 0-30%. The bulk properties such as 
thermal and rheological properties of uncrosslinked mPEGA/PPF blends and the 
mechanical properties of photo-crosslinked mPEGA/PPF blends have also been 
investigated and correlated with surface characteristics to elaborate on the modulation of 
mouse MC3T3 cell adhesion, spreading, proliferation and differentiation through 
controlled physicochemical properties. Unlike PPF crosslinked with PEG dimethacrylate, 
mPEGA chains tethered on the surface of crosslinked PPF do not influence the swelling 
ratio in water while increased surface hydrophilicity greatly. Meanwhile, surface 
frictional coefficient and the capability of adsorbing proteins from cell culture medium 
decrease continuously with increasing the mPEGA composition in mPEGA/PPF 
networks. Demonstrating cell repulsive effect at the mPEGA compositions higher than 
7%, the modified surfaces improve MC3T3 cell attachment, proliferation and 
differentiation, which reach maxima at the mPEGA composition of 5-7%. Besides 
revealing that mPEGA pendant chains could enhance cell responses by increasing 
hydrophilicity when their fraction on the hydrophobic surface was small, the present 
study also offer a new method of improving the wettability and performance of the 
scaffolds made from PPF for bone repair. 
A systematic study has been conducted to investigating the role of exposed 
hydroxyapatite (HA) nanoparticles in influencing surface characteristics and mouse pre-
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osteoblastic MC3T3-E1 cell behavior using nanocomposites prepared by photo-
crosslinking poly(-caprolactone) diacrylate (PCLDA) with HA. PCLDA530 and 
PCLDA2000 synthesized from PCL diol precursors with nominal molecular weights of 
530 and 2000 g/mol are used as the polymer matrices. Crosslinked PCLDA530 is 
amorphous while crosslinked PCLDA2000 is semi-crystalline. Crosslinked PCLDA/HA 
composites with different compositions of HA (10, 20, and 30%) as well as crosslinked 
PCLDAs have been characterized in terms of their composition-dependent 
physicochemical properties. The tensile, compressive, and shear moduli are greatly 
enhanced by incorporating HA nanoparticles with the polymer matrices. The disk 
surfaces of original crosslinked PCLDA/HA nanocomposites are removed by cutting 
using a blade to expose HA nanoparticles that are embedded in the polymer substrates. 
The composition of HA is much higher on the cut surface, particularly in semi-crystalline 
crosslinked PCLDA2000/HA nanocomposites. The surface characteristics of original and 
cut crosslinked PCLDA/HA nanocomposites have been compared and correlated with 
cell behavior on these nanocomposites. MC3T3-E1 cell attachment, proliferation, and 
differentiation are significantly enhanced when the HA composition is increased in 
original crosslinked PCLDA/HA nanocomposites due to more bioactive HA, higher 
surface stiffness, and rougher topography. More exposed HA on the surface of cut semi-
crystalline PCLDA2000/HA nanocomposites resulted in improved hydrophilicity and 
significantly better MC3T3 cell attachment, proliferation, and differentiation compared 
with the original surfaces. This study suggests that HA nanoparticles may not be fully 
exploited in polymer/HA nanocomposites where the top polymer surface covers the 
particles. The removal of this polymer layer can generate more desirable surfaces and 
osteoconductivity for bone regeneration and repair. 
I present a method to modify hydrophobic, semi-crystalline poly(-caprolactone) 
diacrylate (PCLDA) by tuning surface chemistry via photo-crosslinking it with mPEGA 
at various weight compositions (m) from 2 to 30%. Improved surface wettability is 
achieved with corresponding decreases in friction, water contact angle, and capability of 
adsorbing proteins from cell culture media because of repulsive PEG chains tethered in 
the network. The responses of rat SpL201, rat pheochromocytoma (PC12), and E14 
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mouse neural progenitor cells (NPCs) to the modified surfaces are evaluated. Non-
monotonic or parabolic dependence of cell attachment, spreading, proliferation, and 
differentiation on m is identified for these cell types with maximal values at m of 5-7%. 
In addition, NPCs demonstrate enhanced neuronal differentiated lineages on the 
mPEGA/PCLDA network at m of 5% with intermediate wettability and surface energy. 
This approach lays the foundation for fabricating heterogeneous nerve conduits with a 
compositional gradient along the wall thickness, which are able to promote nerve cell 
functions within the conduit while inhibiting cell attachment on the outer wall to prevent 
potential fibrous tissue formation following implantation. 
Photo-crosslinkable and biodegradable polymers have great promise in fabricating 
nerve conduits for guiding axonal growth in peripheral nerve regeneration. To study the 
cell behaviors on surface features such as microgrooves, which can be potentially 
introduced in the nerve guidance conduits, I photo-crosslink two PCLTAs with different 
number-average molecular weights of ~7000 and ~10000 g mol
-1
 into substrates with 
parallel microgrooves. Crosslinked PCLTA7k is amorphous and soft, while crosslinked 
PCLTA10k is semi-crystalline with a stiffer surface. I have employed different 
dimensions of interests for the parallel microgrooves, i.e., groove widths of 5, 15, 45, and 
90 m and groove depths of 0.4, 1, 5, and 12 m. The behaviors of SpL201 cells with the 
glial nature and PC12 cells with the neuronal nature have been studied on these 
microgrooved substrates, showing distinct preference to the substrates with different 
mechanical properties. I have found different threshold sensitivity of the two nerve cell 
types to topographical features when their cytoskeleton and nuclei are altered by varying 
the groove depth and width. Better cell alignment and oriented cell movement with a 
higher motility are shown in the narrowest and deepest microgrooves or around the edge 
of microgrooves. Furthermore, SpL201 cells demonstrate significantly better 
differentiation toward early Schwann cells (SCs) with upregulated S-100 gene expression 
while PC12 neurites are oriented with enhanced extension in narrower microgrooves. The 
present results not only improve our fundamental understanding on nerve cell-substrate 
interactions, but also offer useful conduit materials and appropriate feature dimensions to 
foster guidance for axonal growth in peripheral nerve regeneration. 
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To develop a hydrogel filler material for cell transplantation to nerve guidance 
conduits, I present a novel photo-polymerizable poly(L-lysine) (PLL) and use it to modify 
polyethylene glycol diacrylate (PEGDA) hydrogels for creating a better, permissive nerve 
cell niche. Compared with their neutral counterparts, these PLL-grafted hydrogels greatly 
enhance PC12 cell survival in encapsulation, proliferation, and neurite growth, and also 
promote neural progenitor cell (NPC) proliferation and differentiation capacity, 
represented by percentages of both differentiated neurons and astrocytes. The role of 
efficiently controlled substrate stiffness in regulating nerve cell behavior is also 
investigated and a polymerizable cationic small molecule, [2-(methacryloyloxy)ethyl]-
trimethylammonium chloride (MTAC), is used to compare with this newly developed 
PLL. The results indicate that these PLL-grafted hydrogels are promising biomaterials for 
nerve repair and regeneration. To further explore the potential of these PLL-grafted 
PEGDA hydrogels as a cell delivery vehicle and luminal filler in nerve guidance conduits 
for peripheral and central nerve regeneration, I vary the amount of pendent PLL chains in 
the hydrogels by photo-crosslinking PEGDA with weight compositions of PLL (PLL) of 
0, 1%, 2%, 3%, and 5%. I have further investigated the effect of PLL grafting density on 
E14 mouse NPC behavior including cell viability, attachment, proliferation, 
differentiation, and gene expression. The amount of actually grafted PLL and charge 
densities has been characterized, showing a proportional increase with the feed 
composition PLL. NPC viability in 3D hydrogels is significantly improved in a PLL 
grafting density-dependent manner at days 7 and 14 post-encapsulation. Similarly, NPC 
attachment and proliferation are promoted on the PLL-grafted hydrogels with increasing 
PLL up to 2%. More intriguingly, NPC lineage commitment is dramatically altered by the 
amount of grafted PLL chains in the hydrogels. NPC differentiation demonstrate a 
parabolic or non-monotonic dependence on PLL, resulting in cells mostly differentiated 
toward mature neurons with extensive neurite formation and astrocytes rather than 
oligodendrocytes on the PLL-grafted hydrogels with PLL of 2%, whereas the neutral 
hydrogels and PLL-grafted hydrogels with higher PLL of 5% support NPC differentiation 
less. Gene expression of lineage markers further illustrate this trend, indicating that PLL-
grafted hydrogels with an optimal PLL of 2% can be a promising cell carrier that 
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promoted NPC functions for treatment of nerve injuries. 
These biodegradable and photo-crosslinkable polymer networks with controlled 
surface chemistry, stiffness, and topographical features have been correlated with cell 
behavior and serve as good candidate materials to fabricate injectable bone scaffolds and 
nerve guidance conduits for various tissue engineering applications. These polymer 
networks also have great potential to be further modified with other bioactive molecules 
via covalent bonding and novel manufacturing methods can be developed to achieve 
more complicated structures and advanced functions. 
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